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Abstract 
 
The speciation process proceeds through a continuum of increasing 
genomic divergence and decreasing gene flow between populations. While 
sampling across hybrid zones provide insight for an intermediate stage of 
speciation, comparative studies of multiple contact zones between 
populations at different stages of speciation would expand our broader 
understanding of the process itself. Suture zones provide this ideal 
framework in a shared geographic context. For my thesis, I developed and 
utilized a suture zone system situated in northeastern Australia. From the 
array of contact zones in the region, I focused on species within the species-
rich bird superfamily Meliphagoidea comprising the honeyeaters, 
fairywrens, gerygones, and allies. Using a comparative genomics approach, 
I tested hypotheses on how genome divergence and gene flow changes as 
populations diverge and proceed through the speciation process. 
The first chapter sets the stage for analyzing this new system. I 
characterized variation in genetic and morphological divergence across 27 
meliphagoid species through three transition zones that comprise the 
system. Among factors that may predict genetic divergence, I found that 
taxonomic ranking outperforms morphological divergence and habitat 
preference. Establishing variation in divergence laid out a starting point for 
comparative study of gene flow, divergence, and speciation.  
The second chapter determines how well current geography 
predicts probability of gene flow during population divergence and 
speciation. From the initial set of species, I selected eight that are 
codistributed in four regions divided by known biogeographical barriers in 
northern Australia and Papua New Guinea. I found that historical 
connectivity between populations is a better predictor for likelihood of gene 
flow compared to current designations of allopatry or parapatry. 
Furthermore, this likelihood of gene flow decreases in a rapid, snowballing 
manner with increasing divergence in these populations. 
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The third chapter characterizes how the geographic extent of gene 
flow changes with increasing divergence. From the initial set of species, I 
selected those involved in ten contact zones between parental population 
pairs in which divergence levels span the speciation continuum. I found 
that the cline widths across the contact zones decrease exponentially with 
increasing divergence of the parental populations. Furthermore, this width 
is correlated with the geographic range width in the contact zone, 
emphasizing the role of geographic range during speciation. 
The fourth and final chapter addresses the role of chromosomal 
rearrangements in speciation by characterizing inversions across the avian 
tree. Using a hybrid approach and a genetic linkage map, I sequenced and 
assembled a chromosome-scale reference genome for the superb fairywren 
(Malurus cyaneus) which fills a phylogenetic gap in existing avian genome 
assemblies. By comparing this assembly to other existing assemblies, I 
found novel fusions in the superb fairywren, confirmed the variation in 
inversions between autosomes and the Z chromosome, and revealed that 
inversions are much more prevalent in oscines than their nonpasserine 
counterparts. 
In this thesis, I developed and utilized a new system to take a 
comparative approach in speciation genomics. The conclusions emphasize 
the role of the context of geography and genome architecture on the rapid 
decrease of gene flow and accumulation of divergence during the speciation 
process.  
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Current geography masks the dynamic history of gene flow during 
speciation in northern Australian birds 
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Chromosome-scale assembly of the superb fairywren (Malurus cyaneus) 
genome provide insight into the evolution of chromosomal inversions 
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Introduction 
 
One of the primary endeavors in evolutionary biology is to 
understand the origin of biodiversity via the process of species formation. 
The speciation process can span long evolutionary time scales (Coyne & 
Orr, 2004; Dynesius & Jansson, 2014; Price, 2008). The beginning and end 
of this process can be considered as opposite ends of a continuum (Shaw & 
Mullen, 2014). The early stages of the speciation process can be marked by 
the point when gene flow between two populations starts to become 
restricted. Often, the journey through the continuum is neither steady nor 
unidirectional. Populations can slide in either direction as selection, genetic 
drift, and gene flow influence divergence and reproductive isolation in a 
dynamic context of geography, landscape, and ecology (Coyne & Orr, 2004; 
Mayr, 1963; White, 1978). A century and a half after the publication On the 
Origin of Species, as we began to reconcile theory, unpack lessons from 
empirical studies, and unravel what Darwin (1859) referred to as the 
“mystery of mysteries” that is speciation, we entered the genomic era. This 
added another dimension of complexity and opportunity to understand 
how species form. 
 Speciation genomics has not only revealed the variable effects of 
selection, genetic drift, and gene flow across the genome but also 
highlighted how genome architecture and interactions between loci all 
influence the pattern of divergence. The primary focus in speciation 
genomics now is to infer how genome evolution relates to the speciation 
process and the forces that govern it (Nosil & Feder, 2013; Seehausen et al., 
2014). The variation in divergence across the genome early in speciation 
has been attributed to being particularly important for adaptation and 
ecological speciation where loci under selection are highly differentiated 
and can be resistant to gene flow if populations were in contact (Butlin, 
2010; Ellegren et al., 2012; Harrison & Larson, 2016; Nosil, 2012). Genome 
architecture, in the form of structural rearrangements and the variation in 
recombination rate, then helps facilitate divergence across the genome 
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resulting in genome-wide divergence (Dagilis & Kirkpatrick, 2016; Feder et 
al., 2014; Feder, Egan, & Nosil, 2012; Navarro & Barton, 2003; Wu, 2001). 
Shortly after, we learned that neutral processes interacting with genome 
architecture might result in a similar pattern (Burri, 2017; Burri et al., 2015; 
Cruickshank & Hahn, 2014; Southcott & Kronforst, 2017; Wolf & Ellegren, 
2016). As we study the evolution of the genome and understand the 
variation within it, we can start to understand the trajectory and duration 
of speciation (Nosil, Feder, Flaxman, & Gompert, 2017; Roux et al., 2016; 
Singhal & Moritz, 2013), the potential patterns from ecological and sexual 
selection (Lavretsky et al., 2015; Nosil, 2012), patterns from geographic 
context (Feder, Flaxman, Egan, Comeault, & Nosil, 2013), and patterns 
from demographic history (Gutenkunst, Hernandez, Williamson, & 
Bustamante, 2009). It is imperative then to test the robustness of emerging 
theory by studying them across different taxa and observing the change 
through time.  
 One of the main challenges in studying the speciation process is that 
it often occurs on a long evolutionary time-scale and we are merely 
observing a snapshot in time. We are, therefore, inferring processes from 
patterns without being able to control and observe genome evolution in 
real time to generate null expectations, except for a few short-generation 
model organisms (Matute, Butler, Turissini, & Coyne, 2010; Orr & Turelli, 
2001). To circumvent this limitation, researchers have taken advantage of 
natural hybrid zones (Arnold, 1997; Barton & Hewitt, 1985). Studying 
hybrid zones allow us to observe how the evolutionary processes of the past 
shape the current variation in gene flow (Harrison, 1990; Harrison, 1993; 
Harrison & Larson, 2014). Hybrid zones can serve as a filter for different 
loci across the genome testing for adaptive capability or incompatibility in 
different genomic and environmental backgrounds (Gompert, Mandeville, 
& Buerkle, 2017; Mallet, 2005; Martinsen, Whitham, Turek, & Keim, 2001). 
This variation has provided insights into adaptive divergence (Walsh, 
Shriver, Olsen, & Kovach, 2016), the roles of different chromosome classes 
(Carling & Brumfield, 2008), and sexual selection (Baldassarre, White, 
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Karubian, & Webster, 2014). Comparative studies across multiple hybrid 
zones of populations at different stages of the speciation continuum have 
yielded even broader insights into the speciation process. They have 
revealed the shifting divergence landscape (Kronforst et al., 2013), 
observing the role of geographic range connectivity (Feulner et al., 2015), 
and they permit the characterization of adaptive divergence through the 
speciation continuum (Mallet & Dasmahapatra, 2012; Martin et al., 2013). 
Although comparative hybrid zone studies have yielded great insight, they 
are often limited to closely related taxa at different locations. This may limit 
our capacity to make inferences only about the resulting pattern from 
speciation in a particular group. Taking a different approach, by studying a 
multiple taxa within a constant geography, would provide a control on the 
context allowing us to test how variation in other biological attributes, such 
as phenotype or demographic history, may influence divergence 
(Seehausen et al., 2014).  
 Codistributed hybrid zones, or suture zones, can result from 
secondary contact of multiple population pairs, biogeographic barriers, 
ecotones, or any combination of these (Remington, 1968). Just as hybrid 
zones can be viewed as natural experiments, suture zones can be viewed as 
replicates of the experiments in shared space. Though there can be a lot of 
potential to study the genomics of speciation across suture zones, they have 
been underutilized. A few emerging studies have demonstrated the 
influence of different phenotypic traits on genome divergence across suture 
zones (Winger, 2017; Winger & Bates, 2015) and characterized how 
reproductive isolation changes through space and time (Singhal & Bi, 2017; 
Singhal & Moritz, 2013). One of the main aims of my thesis is to develop 
and utilize another putative suture zone to study how phenotype, 
geography, and range dynamics may influence populations at different 
stages of the speciation process.  
 The diverse landscape and dynamic climatic history of northern 
Australia provide a unique region to study the genomics of speciation. 
Multiple biogeographic barriers and contact zones have already been 
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characterized across various vertebrate taxa throughout this region 
(Bowman et al., 2010; Catullo, Lanfear, Doughty, & Keogh, 2014; Edwards, 
Crisp, Cook, & Cook, 2017; Eldridge, Potter, Johnson, & Ritchie, 2014). Of 
particular interest is the Cape York Peninsula and northern Queensland. In 
birds alone, Ford identified up to 180 isolates and discontinuities between 
subspecies or full species in this region (Ford, 1986, 1987). From Ford’s 
survey of Australian bird hybrid zones, this region yields the highest 
number of breaks or contact zones, providing a rich region explore 
questions about the speciation process. Of the bird species within this 
region, 29 are within the superfamily Meliphagoidea within the oscine birds 
(Gardner, Trueman, Ebert, Joseph, & Magrath, 2010; Marki et al., 2017 = 
infraorder Meliphagides sensu Cracraft 2014). The meliphagoids are 
composed of the honeyeaters, fairywrens, gerygones, scrubwrens, and allies 
(Gardner et al., 2010; Schodde & Mason, 1999). These species are all small- 
to medium-sized insectivorous birds found throughout Australasia. Within 
this region they have shared the history of the changing landscape and 
climate, which resulted in these many contacts. I focus in on an 
evolutionary level where the study species are not too closely related and 
are prone to lineage-specific idiosyncracies but not too distant that we are 
still able to compare between them, providing an ideal system for 
comparative studies. The combination of this geographic context and set of 
study taxa provide an ideal system to address standing questions in 
speciation.  
 My thesis has four main aims that are addressed to different degrees 
in all four chapters (1) establish a new comparative system by 
characterizing the variation in divergence, population structure, and gene 
flow in replicate species of northern Australian meliphagoid birds, (2) use 
this variation to begin to address some questions in evolutionary theory in 
a comparative framework across the speciation continuum, (3) observe the 
variation between markers from different chromosome classes: 
mitochondrial, autosomal, and Z chromosome, and (4) generate a high-
quality genomic resource to add the dimension of within genome varation 
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to the interpopulation variation. The goal is to add to the established 
comparative systems that have been in the forefront of speciation research 
through the years and have taken advantage of the advances in genomic 
technology to push the boundaries. Comparative systems including, but not 
limited to, Drosophila flies (Coyne & Orr , 2004), Rhagoletis flies (Feder et 
al., 2003), the Heliconius butterflies (Nadeau et al, 2013), Timema stick 
insects (Nosil et al. 2012), cichlid fishes (Seehausen et al. 2008), stickleback 
fishes (Hendry et al. 2009), Helianthus sunflowers (Andrew & Rieseberg, 
2013), and many more have provided countless novel insights on 
speciation, diversification, and genome evolution through the years. In 
contrast, detailed studies in bird contact zones such as the Ficedula 
flycatchers (Ellegren et al. 2012), Corvus crows (Poelstra et al. 2014), and 
others have used a narrow but highly scrutinized system to address similar 
questions in a different perspective. The Australian biogeography sets the 
stage to establish a broad system to take advantage of both comparative and 
detailed studies across shared barriers to test standing hypotheses and push 
our understanding of the speciation process further.   
 For the first chapter of my thesis, I survey the genetic structure of 
species disjunctions between the Cape York Peninsula and eastern 
Queensland that were initially characterized by Ford (1986) from 
phenotypic data. Prior to this broad survey only a handful of species have 
been characterized genetically (Joseph and Mortiz, 1993). The first aims are 
to see whether the established phenotypic breaks have corresponding 
genetic breaks and whether these genetic breaks span a range of divergence 
levels potentially representing different stages of speciation. Although we 
might hypothesize that shared barriers and climatic history in contact zones 
would result in similar levels of divergence, other studies in suture zones 
have shown otherwise (Singhal & Moritz, 2013; Winger & Bates, 2015). The 
next aim is to test whether this variation in genetic divergence can be 
correlated with variation in morphological divergence, habitat preference, 
or taxonomic classification. Lastly, I aim to compare whether the variation 
scales as we expect among the DNA classes: with the mitochondria being 
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most diverged, followed by Z chromosome, and then autosome. After 
sampling across 27 meliphagoid species in that region, I established the 
variation in which we can select exemplar systems representing various 
stages of the speciation process. This study not only sets the stage for the 
subsequent chapters but also future work beyond the scope of this thesis.  
 The second chapter tests how well current geography can tell 
predict if two populations or species diverged with gene flow and thus the 
resulting consequences in genomic divergence. The resurging interest in 
the geographic mode of speciation stems from the attempt to find genes 
relevant for speciation, particularly in scenarios where gene flow is present 
(Feder et al. 2013; Seehausen et al. 2014). The added genomic context lets 
us ask how this variation in demographic histories interacts with genomic 
architecture to shape the divergence landscape. Recent studies have 
sampled population pairs in parapatry and allopatry and observed that the 
variation in divergence among loci within the genome is more skewed for 
populations in parapatry (Martin et al. 2013, Nosil et al, 2012; Seehausen et 
al. 2014). This skew was attributed to being driven by a few highly 
differentiated loci resistant to gene flow while most of the genome 
remained undifferentiation or homogenized by gene flow (Nosil et al. 
2012). I aim to test whether current geography serves as a useful proxy for 
the history of gene flow between diverging populations and, if not, what 
factors may be confounding this dissociation. I then characterize how the 
distribution of divergence among loci within the autosomes and within the 
Z chromosome changes as populations become more diverged. To address 
these aims, I sampled four populations across eight systems (nine species) 
codistributed in Northern Territory, Cape York Peninsula, eastern 
Queensland, and Papua New Guinea. The species were selected such that 
they had variation in divergence levels (estimated from the first chapter) 
and the populations were selected such that they had variation in 
connectivity and thus potential for gene flow. This chapter addresses what 
current geography can tell us about demographic history and how genome 
divergence was shaped throughout the speciation process. 
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 For the third chapter, I aim to characterize how the variation in 
divergence from chapter 1 and the probability of gene flow in chapter 2 
translates to the geographic extent of hybridization across the suture zone. 
When two populations are in contact and are in equilibrium, the cline 
width of any particular locus is governed by dispersal, selection, and drift 
(Endler, 1977). The variation in the cline widths of multiple loci across the 
genome would then result in variation in the overall hybrid zone width as 
well as variation in composition of parental genomes in hybrids. We would 
then expect that the divergence of the parental populations should be 
correlated to the hybrid zone width (Singhal & Moritz, 2013). Under 
equilibrium, we would expect that majority of the effectively neutral alleles 
would have spread into the other population essentially reducing 
divergence. On the other hand, other alleles may be restricted to a given 
population due to selection or drift resulting from a decrease in population 
density at the contact zone. For this chapter, I aimed to characterize the rate 
at which hybrid zone width decreases with increasing divergence between 
the “allopatric” populations. In birds this relationship has been initially 
explored using contact zones in different geographic regions resulting in a 
bimodal distribution but the shared geographic context of a suture zone can 
yield a more continuous relationship between divergence and hybrid zone 
width (Price, 2008). To do this, I sampled transects through ten contact 
zones of population or species pairs with a range of divergence levels, again 
estimated from the first chapter. This chapter takes the more demic 
perspective of the previous chapters to characterize how gene flow and 
hybridization varies through space and divergence.  
 The fourth and final chapter establishes a new, high-quality genome 
assembly that served as a resource for the preceding chapters but also for a 
comparative study of chromosome evolution among existing chromosome-
scale bird genomes. This chapter presents the first chromosome-scale 
assembly of a meliphagoid bird: the superb fairywren (Malurus cyaneus). 
This assembly was compared to seven other existing chromosome-scale 
assemblies to characterize the variation in intrachromosomal 
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rearrangements (large chromosomal inversions in particular). It has long 
been reported that chromosomal synteny among birds are highly conserved 
(Ellegren, 2010). Though this generally stands true when comparing to 
other taxa such as mammals, many studies have shown that chromosomal 
inversions are quite common between species of birds (Bush et al. 1977; 
Hooper & Price, 2017; Poelstra et al. 2014). This has led to the growing 
interest of how these chromosomal rearrangements may be relevant for 
speciation and, in particular, for populations with gene flow as a 
mechanism which locally reduces recombination and consequently a global 
increase in linkage disequilibtium (Feder, Nosil, & Flaxman, 2014, 
Kirkpatrick & Barton, 2006). Here, I explore this in a higher level to 
characterize this variation long after speciation has completed between 
distantly related birds. This is to help initially characterize the variation of 
inversions between avian groups, between the autosomes and Z 
chromosome, and between different sizes of autosomes. Understanding the 
variation in this higher level would lead to better expectations and more 
informed hypotheses regarding how inversions may arise and whether they 
play a role in early stages of speciation. This chapter takes a different 
perspective from the rest but aims to build a foundation for understanding 
the role of genome architecture during speciation. 
My thesis takes a broad comparative approach to understand the 
interaction between gene flow and genome divergence. The questions 
addressed in the thesis particularly focus on how geographic context would 
shape the extent or likelihood of gene flow through the speciation 
continuum and the role genome architecture plays in speciation. Through 
developing a study system and then conducting broad empirical studies 
within it, we can contribute to the rapidly growing understanding of 
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Aim: The diversification of the Australian avifauna has been greatly influenced by
prominent historical and modern barriers to dispersal. The aims of this study were
to characterize the patterns of divergence in population pairs of meliphagoid birds
across adjacent transition zones and characterize how well morphometric diver-
gence, habitat association and taxonomic or species ranking can predict genetic
divergence.
Location: Northern Queensland, Australia.
Methods: Genetic divergence between parental populations on either side of the
three biogeographical barriers corresponding to three clusters of hybrid zones was
characterized in 27 species complexes of meliphagoid birds using one mitochondrial,
23 autosomal and 12 Z chromosome loci collected from a sequence capture system.
Within each species, we characterized morphometric divergence using wing, bill and
tail measurements from museum samples. Lastly, we evaluated the predictive power
of these morphometric measurements on genetic divergence.
Results: Population pairs on either side of a transition zone depict a wide range of
genomic and morphometric divergence. For some systems, species exhibiting mor-
phometric divergence show little to no genomic divergence, while, conversely, other
species exhibiting little to no morphometric divergence may show clear genomic
divergence. Species rank is shown to be the strongest predictor for genetic diver-
gence, habitat is the next strongest predictor and morphometric divergence is the
weakest predictor.
Main conclusions: The variation in divergence levels of population pairs affirms that
transition zones are ideal natural experiments to study the speciation process. In
particular, transition zones allow understanding of how genomic divergence accumu-
lates during speciation. Additionally, standing species rank classifications mostly
prove to be robust after genetic characterization. Lastly, the discordance between
morphometric and genetic divergence suggests other non-morphometric phenotypic
traits used to designate species rank, such as song or plumage, may play a more
important role in predicting genetic divergence.
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1 | INTRODUCTION
Understanding the accumulation of genomic divergence throughout
the speciation process is a growing endeavour in evolutionary biol-
ogy (Nosil & Feder, 2012; Wu, 2001). Hybrid zones have proven to
be a rich field for speciation questions as they provide a test for the
degree of reproductive isolation in nature by allowing the study of
patterns of introgression among different genomic regions as influ-
enced by selection and stochastic processes (Abbott et al., 2013;
Kronforst et al., 2013; Larson, Andr!es, Bogdanowicz, & Harrison,
2013; Payseur, 2010). Additionally, variation in divergence and
degree of introgression among the different DNA classes (autosome,
sex chromosome and mitochondria) has provided insight into the
role of different types of selection in specific cases of speciation
(Huang & Rabosky, 2015; Lavretsky et al., 2015). Hybrid zones pro-
vide great utility in studying the landscape of genomic divergence
and its potential implications in phenotypic divergence, and ulti-
mately, speciation (Ellegren et al., 2012; Poelstra et al., 2014).
If hybrid zones provide a rich field in understanding the mecha-
nisms underpinning speciation and evolution, then “suture zones”
provide an even stronger arena for comparative research to study
these mechanisms. “Suture zones” are defined as geographical clus-
tering of multiple hybrid zones, contact zones and phylogeographical
breaks (Remington, 1968; Swenson & Howard, 2004, 2005). Suture
zones are often formed when populations of multiple unrelated spe-
cies experience periods of subdivision and isolation due to a shared
barrier which eventually breaks down, resulting in multiple cases of
secondary contact (Remington, 1968; Swenson, 2006). Comparative
studies of multiple hybrid zones, as they relate to speciation, often
focus on related taxa with spatially separated hybrid zones (Hendry,
Bolnick, Berner, & Peichel, 2009; Kronforst et al., 2013; Supple,
Papa, Hines, McMillan, & Counterman, 2015). By contrast, suture
zones provide a unique, natural experiment to study the accumula-
tion of divergence and onset of reproductive isolation in a shared
environmental setting (Dasmahapatra, Elias, Hill, Hoffman, & Mallet,
2010; Moritz et al., 2009; Singhal & Moritz, 2013; Weir, Faccio,
Pulido-Santacruz, Barrera-Guzm!an, & Aleixo, 2015).
Studies characterizing genomic divergence between populations
on either side of a suture zone have shown that divergence times
tend to vary between these co-distributed population pairs (Dolman
& Joseph, 2012; Singhal & Moritz, 2013; Winger & Bates, 2015).
This variation leads to the hypothesis that although these popula-
tions experience broadly similar climatic histories resulting in geo-
graphically co-distributed breaks, the timing and degree of
divergence tend to be unique to each population pair. In turn, the
variation in genomic divergence between population pairs has also
resulted in variation in outcomes of hybridization and resulting
reproductive isolation in secondary contact (Singhal & Moritz, 2013).
Phenotypic characterization within suture zones has also shown
a wide variety in divergence from cryptically diverging lineages to
morphologically distinct populations (Winger & Bates, 2015). Addi-
tionally, degree of phenotypic divergence does not always coincide
with genomic divergence. Two opposing examples of this are an
Andean suture zone in the Mara~non Valley, Peru, where plumage
divergence in birds correlates with genomic divergence (Winger &
Bates, 2015), whereas in a suture zone in the Wet Tropics, Australia,
skink population pairs have variable levels of genetic divergence with
no morphological divergence (Moritz et al., 2009). Comparative stud-
ies of the relationship between genetic and phenotypic divergence
help elucidate how these measures are either independently or
jointly influenced by selection, drift and evolutionary history.
The Australian avifauna provides an excellent resource for suture
zone studies. Many zones of contact and hybridization have been
characterized using phenotypic traits such as morphology, plumage
and song characters (Cracraft, 1986; Ford, 1987; Schodde & Mason,
1999). Based on geographical clustering of 79–87 hybrid zones, Ford
(1987) identified 11 important biogeographical barriers where multi-
ple hybrid zones seem to cluster. Though the clustering of hybrid
zones suggests putative suture zones, we will refer to these clusters
broadly as “transition zones” because the classification as “suture
zones” has not been formalized by Ford or others. In this study, we
focus on the environmentally heterogeneous region of northern
Queensland, where multiple barriers and clusters of hybrid zones
have been proposed. This region’s hybrid zones are situated on three
adjacent biogeographical barriers: the Torresian Barrier (TB; “Nor-
manby Barrier” of Ford, 1986, 1987 or “Laura Basin” of Bryant &
Krosch, 2016), the Burdekin Gap (BG; Galbraith, 1969; Keast, 1961)
and the Einasleigh Uplands (also referred to as the Burdekin-Lynd
Divide; Figure 1; Keast, 1961; Schodde & Mason, 1999). The TB and
the BG are lowland barriers of dry country habitats that influence
species associated with more mesic rain forest habitats. The TB sep-
arates Cape York Peninsula’s (CYP) rain forest elements from those
of the Wet Tropics region (see Bryant & Krosch, 2016 for discus-
sion). The BG separates the rain forests of the Wet Tropics region
from those of the subtropical rain forests further south. Both barri-
ers have been argued to have been more prominent in drier periods
during the Pleistocene (Ford, 1987). The Einasleigh Uplands (EU) is
an upland barrier located between TB and BG. Part of the Great
Dividing Range, the EU separates the lowlands of Cape York Penin-
sula and central coastal Queensland. Collectively, the transition
region encompassing these three barriers occupies an intermediate
climatic space between the northern and southern ranges, as a bio-
climatic examination shows (Figure 1). Ford (1986, 1987) identified
91, 69 and 20 isolates and discontinuities for bird fauna across the
TB, BG and EU, respectively, and noted that the TB and BG are
among a handful of areas in Australia, where the greatest numbers
of contacts coincide.
Of the bird species influenced by these barriers, we focus on
species from the Australasian endemic superfamily Meliphagoidea
(Gardner, Trueman, Ebert, Joseph, & Magrath, 2010 = Infraorder
Meliphagides sensu Cracraft 2014). Most are wholly or partially
insectivorous, small passerine birds. Their ecology, shared climatic
history and geographical ranges are the main benefits of focusing on
a particular clade instead of a broader sampling of all bird species.
Additionally, they span variable habitat types from mangroves and
rain forests, to drier eucalypt woodlands (Schodde & Mason, 1999).
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In this study, we sample multiple contacts at three taxonomic
levels, within subspecies, between subspecies and between species
(hereafter “species rank” for brevity) across this heterogeneous
region. This region is occupied by 30 meliphagoid taxon pairs com-
prising 25 species whose ranges extend through the barriers and five
species pairs whose ranges abut these barriers (Table 1). Our main
aim was to characterize divergence among the DNA classes in rela-
tion to species rank (itself based on phenotypic divergence, sensu
Schodde & Mason, 1999), morphometric divergence and habitat. We
hypothesize that levels of divergence would also be variable for
these transition zones. We address the following questions (1) how
do genomic and morphometric divergence vary through a transition
zone? and (2) how well do morphometric divergence, habitat and
species ranking predict genetic divergence? Lastly, we also discuss
the significance of our findings with respect to the systematics of
the birds themselves and how levels of divergence across these tran-
sition zones compare with any similar studies.
2 | METHODS
2.1 | Sampling
Taxonomic sampling consisted of 27 out of the 30 meliphagoid spe-
cies complexes (total of 32 out of 35 species) that occur in the
transition zone (Table 1). Cissomela pectoralis, Melithreptus gularis and
Meliphaga lewinii were omitted due to insufficient geographical sam-
pling. For each complex, we sampled five individuals from each of
the parental populations and putative hybrid zone for mitochondrial
sequencing, two individuals per population for nuclear DNA
sequencing and a variable number of individuals for morphometric
measurements. Care was taken to sample broadly through the area
of interest. Twelve taxa that were not proposed to have hybrid
zones were still sampled across the area of the transition zone so
that we could test for cryptic divergence. Populations on either side
of the transition zone are mostly sister taxa; the two exceptions are
noted in Table 1 (Andersen, Naikatini, & Moyle, 2014; Christidis &
Schodde, 1993; Joseph & Moritz, 1993; Ny!ari & Joseph, 2011).
2.2 | Genetic sequencing and analysis
We collected mitochondrial and nuclear sequence data to assess
levels of genomic divergence. We sequenced the mitochondrial ND2
gene using Sanger sequencing on an ABI 3100. The primers used for
these species were L5204 (50 TAACTAAGCTATCGGGCGCAT 30) and
H6312 (50 CTTATTTAAGGCTTTGAAGGCC 30) (Sorenson, Ast, Dim-
cheff, Yuri, & Mindell, 1999). We used the protein-coding region of
ND2 as it is proposed to be one of the fastest evolving genes in the
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F IGURE 1 Left: The location of all three barriers within Queensland, Australia. The dark region depicts the mountainous Einasleigh
Uplands/Burdekin-Lynd Divide. Right: Principal components analysis using all 19 BIOCLIM (http://www.worldclim.org/bioclim) variables. As
expected, PC1 is loaded mainly with temperature and precipitation
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TABLE 1 Meliphagoidea complexes in northern Queensland and their associated habitat, geographical barrier and raw genetic divergence
measures. The predominant barriers listed here are derived from Schodde and Mason (1999). The delimitation of S. beccarrii as a full species
diverged from S. magnirostris has fluctuated since Schodde and Mason (1999). For the purpose of this paper, they will be treated as separate
species (Christidis, Schodde, & Baverstock, 1988; Joseph & Moritz, 1993). *Species pair are not sister species (Ny!ari & Joseph, 2011)
Species rank
Eastern
Queensland Cape York Habitat Barrier
% Genetic divergence
mtDNA Autosome Z chromosome
Within subspecies
Lovely Fairywren Malurus amabilis Rain forest None 0.421 0.208 0.236
Large-billed Gerygone Gerygone magnirostris
cairnsensis
Mangrove None 0.173 0.482 0.216
Helmeted Friarbird Philemon buceroides yorki Woodland None 0.316 0.274 0.171
Noisy Friarbird Philemon corniculatus
corniculatus
Woodland None 0.348 0.467 0.553
White-gaped
Honeyeater
Stomiopera unicolor Woodland None 0.220 0.281 0.000
Brown Honeyeater Lichmera indistincta ocularis Woodland None 0.285 0.456 0.146
Bar-breasted
Honeyeater
Ramsayornis fasciatus Woodland None 0.272 0.345 0.259
Brown-backed
Honeyeater
Ramsayornis modestus Woodland None 0.658 0.366 0.490
Dusky Honeyeater Myzomela obscura harterti Rain forest None 2.404 0.372 0.763
Between subspecies
Red-backed Fairywren Malurus melanocephalus
melanocephalus
M. m. cruentatus Woodland EU 1.055 1.103 1.225
Red-browed Pardalote Pardalotus rubricatus
rubricatus
P. r. yorki Woodland EU 0.181 0.432 0.219
Striated Pardalote Pardalotus striatus
melanocephalus
P. s. melvillensis Woodland EU 0.336 0.258 0.370
Weebill Smicrornis brevirostris
brevirostris
S. b. flavescens Woodland EU 0.295 0.705 0.533
White-throated
Gerygone
Gerygone olivacea olivacea G. o. cinerascens Woodland EU 0.544 0.632 0.071
Fairy Gerygone Gerygone palpebrosa flavida G. p. personata Rain forest EU 0.757 0.514 0.101
Mangrove Gerygone Gerygone levigaster cantator G. l. levigaster Mangrove ALL 0.914 0.884 0.802
Blue-faced
Honeyeater
Entomyzon cyanotis cyanotis E. c. griseigularus Woodland EU 0.496 0.262 0.120
Little Friarbird Philemon citreogularis sordidus P. c. citreogularis Woodland BG 0.502 0.536 0.659
Yellow-spotted
Honeyeater
Meliphaga notata mixta M. n notata Rain forest TB 0.516 0.176 0.195
Graceful Honeyeater Microptilotis gracilis imitatrix M. g gracilis Rain forest TB 1.880 1.156 0.900










Sericornis magnirostra S. beccarii dubius/
minimus




Xanthotis macleayanus X. flaviventer
filiger
Rain forest TB 4.342 0.223 1.447
Mangrove/Varied
Honeyeater
Gavicalis fasciogularis* G. versicolor
versicolor*
Mangrove BG 3.562 0.810 1.065
(Continues)
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comparative study by Pacheco et al. (2011) designates ND2 as the
mitochondrial gene with the highest substitution rate, and a study
with even more mitochondrial genes by Lerner, Meyer, James,
Hofreiter, & Fleischer, (2011) designates ND2 as the gene with the
second highest substitution rate. Both studies agree on the utility of
ND2 for shallow levels of divergence. For the nuclear genome, we
used an array of loci from the autosomes (n = 23) and the Z chro-
mosome (n = 12; see Table S1.1; see Appendix S1 in Supporting
Information). The loci were chosen based on their predicted location
on the chicken genome and with the aim of sampling many different
chromosomes and broadly sampling the Z chromosome (Backstr€om
et al., 2010; Kimball et al., 2009; Wang, Braun, & Kimball, 2012).
We prepared genomic DNA libraries for six individuals per species
complex (two from each parental population and two from the con-
tact zone) following Meyer and Kircher (2010). We captured the
autosomal loci and Z chromosome loci using the target enrichment
method sequence capture using PCR-generated probes (SCPP;
Pe~nalba et al., 2014) and sequenced the samples on a single lane of
the Illumina HiSeq 2500.
For the ND2 data, we used GENEIOUS 7.18 to and double-check
the sequences by eye using the reverse compliment sequence. For
the nuclear data, we mainly used the existing data processing pipe-
line that accompanied the SCPP method (http://www.github.com/
MVZSEQ/SCPP). From this pipeline, the script for recovering
homologous sequences was rewritten to use a clustering method
instead of the previous method described by Pe~nalba et al. (2014).
First, we downloaded a single reference sequence per target locus
from GenBank. Then, for each individual, we used BLAST 2.2.29+ to
determine which assembled contig is a best reciprocal match for
that reference—these contigs were given an arbitrary score of 3.
We then used BLAST, again, to match all assembled contigs between
individuals. If a contig (e.g. contig 1A) from sample A was given a
score of 3 from the first iteration, the contig from sample B that
best matches contig 1A is given an additional score of 1. In other
words, a contig that is one degree separated from the GenBank
reference is weighted even higher. The contig with the highest
score for a corresponding locus is then chosen as a reference for
that locus for that individual (see Figure S1.2). The alignment of
the sequence data was also assessed by eye, and spurious flanking
or the entire locus was excluded from the analyses if the alignment
shows evidence of paralogous sequences. Uncorrected raw genetic
divergence estimates were calculated using the ‘ape’ package in R
(Paradis, Claude, & Strimmer, 2004). Average pairwise distances
were calculated between the parental populations using the ND2
mitochondrial gene and a separate concatenated sequence of auto-
somal and Z-linked loci.
2.3 | Morphometrics
The raw morphometric data used for this study are those used by
Schodde and Mason (1999; obtained from the authors) who consis-
tently measured wing, tail and exposed bill lengths using vernier cal-
lipers in most individuals included in the study (Appendix S3). Re-
analyses here involved log-transforming their measurements and
plotting principal components. Only individuals from populations
north of the TB and south of the BG and so outside of the putative
hybrid zones were used. The samples were chosen so that morpho-
metric divergence will reflect differences between allopatric popula-
tions rather than variation in introgression and morphological clines.
We used a multivariate analysis of variance (MANOVA) to test for
sexual dimorphism and found that some species exhibited significant
sexual dimorphism. In those cases, only measurements from males
were used to prevent sex-driven morphometric divergence con-
founding results. The Mahalanobis distances were calculated using
the principal component variables of PC1 and PC2 between popula-
tion clusters and served as a proxies for morphometric divergence.
2.4 | Statistical Analyses
We carried out separate pairwise comparisons of the genetic diver-
gence of the different DNA classes with the morphometric diver-
gence, habitat and species rank. Nonparametric tests were used, as
genetic divergence did not have a normal distribution (Shapiro–Wilk
test—ND2: W = 0.713, P = 5.915e-06; autosomal: W = 0.911,
P = 0.0247; Z chromosome: W = 0.914, P = 0.0282). We used
Spearman’s correlation test to compare genetic divergence with phe-
notypic divergence. For comparisons of genetic divergence with
habitat and species rank, we used a Kruskal–Wallis rank sum test.
We then used an analysis of variance (ANOVA) to compare morpho-
metric divergence with species rank and habitat. Finally, to assess
the contribution of each of the variables (morphometric divergence,
habitat and species rank) to genetic divergence, we carried out sepa-
rate generalized linear models for each DNA class. We ran a general-
ized linear model (GLM) where we systematically added one
explanatory variable at a time to see how it changed the corrected
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model comparisons of AICc values, species complexes with missing
data were removed to ensure comparability of data points. We ran a
GLM for each explanatory variable separately and used model selec-
tion within the ‘MuMin’ (Burnham & Anderson, 2002) package to
compare predictive power of the three variables. All statistical analy-
ses were carried out in the R 3.2.2 statistical program (R Core Team
2015).
3 | RESULTS
3.1 | Genetic divergence through the transition
zones
Population pairs on either side of the transition zones show a wide
range of genetic divergences (Table 1; Figure 2). Among the loci
tested, the mitochondrial ND2 gene had the highest genetic diver-
gence between populations (0.1% to 7.47%; Table 1, Figure 3).
Unsurprisingly, genetic divergence in the nuclear genome varied less
than that of the mitochondrial genome and rarely exceeded 1% in
average pairwise divergence. Overall, pairwise divergences were cor-
related for all pairwise comparisons of DNA class (see Figure S1.1).
Associations in 11 of 18 species complexes showed consistency
between the location of the mitochondrial break and the location of
the taxonomic break in Schodde and Mason (1999; see
Appendix S2). Genetic breaks in species without a corresponding
taxonomic break also correspond to one of the three barriers (i.e.
Myzomela obscura in the TB). Most of the incongruence is due to
species having phenotypic but not a corresponding genetic break
(i.e. Pardalotus rubricatus, P. striatus, Smicrornis brevirostris and Stomi-
opera flava). These cases aside, E. cyanotis and P. citreogularis are the
only complexes where the phenotypic and genetic breaks do not co-
occur in geographical space (Appendix S2). Pairwise genetic diver-
gence increases with increasing species rank, despite ranking having
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S. beccarii / magnirostra
X. flaviventer / 
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       versicolor
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       fusca
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M. albogularis
F IGURE 2 Networks of relationships among ND2 haplotypes for all study species, spanning all parental populations and those from each
putative hybrid zone. The systems are divided based on the species ranking. Hash marks represent single mutations between samples and the
size of the circle reflects number of samples that share that haplotype. Illustrations from del Hoyo, Elliott, Sargatal, Christie, and de Juana
(2016)
6 | PE~NALBA ET AL.
	   35	  
for mitochondrial DNA (mtDNA) and for Z-linked loci (Kruskal–Wallis
rank sum test—df = 2: mtDNA v2 = 12.428, p = .002; Z-linked
v2 = 9.852, p = .007). Post hoc tests reveal that the trend in increas-
ing divergence is driven by the difference between the “within-spe-
cies” (both “within subspecies” and “between subspecies”) and
“between-species” classification (Figure 3).
Species associated with rain forest and mangrove show similar
variation in genetic divergence but the woodland species tend to
have less variation in divergence levels as well as a lower absolute
divergence (Figure 4). However, differences in divergence among
habitat classes were significant only for mtDNA (Kruskal–Wallis rank
sum test; p = .0451, df = 2, v2 = 6.20), and are driven by higher
mtDNA divergence across species from rain forests and mangroves
than those from woodland habitats. There is no significant difference
between rain forest and mangrove-associated populations.
3.2 | Morphometric divergence through the
transition zones
Similar to genetic divergence, the extent of morphometric divergence
is variable through the transition zones. Spearman correlation tests
between divergence for different DNA classes and morphometric
divergences within males show no significant correlations (ND2:
q = 0.404, p = .137; autosomal: q = !0.125, p = .656; Z chromo-
some: q = !3.57e-2, p = .995; Figure 5). Change in morphometric
divergence shows a gradual increase with increasing species rank (see
Figure S1.3). Associations between morphometric divergence and the
three taxonomic levels are non-significant but male morphometric
divergence is significantly associated with habitat (ANOVA, p < .05,
df = 2). Variation in morphometric divergence when compared to
habitat preference is mostly driven by the lower differences between
birds of woodlands relative to that for rain forest or mangrove birds
(Figure S1.4). Morphometric divergence has varied associations with
genetic divergence, species ranking and habitat preference.
3.3 | Predictors of genetic divergence
Results of the generalized linear model are consistent with the above
pairwise comparisons of the divergence in the different DNA classes
with morphometric divergence, species rank and habitat association.
All three DNA classes were compared separately but each yields the
same trend. The trends remain when non-sister species are excluded
from the analyses. Genetic divergence is best predicted by species




























































F IGURE 3 Genetic divergence of the three chromosomal types (mitochondrial, autosomal and Z chromosome) were plotted against the
species ranking. Left: Mitochondrial ND2 sequence divergences. Right: Nuclear sequence divergences divided between autosomal and Z-linked
loci. The samples used were outside the putative hybrid zones to avoid lower divergence levels resulting from gene flow. ** - denotes the


































F IGURE 4 Genetic divergence plotted against habitat preference.
The only significant association found is between rain forest and
woodland as well as between mangrove and woodland
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Adding habitat as an additional explanatory variable to the model
results in a poorer fit than a model with species rank alone (see
Table S1.2).
4 | DISCUSSION
Using three biogeographical barriers with corresponding transition
zones in north-eastern Australia and 32 bird species from the Meli-
phagoidea, we explored the relative roles of species ranking, mor-
phometric divergence and habitat preference as predictors of genetic
divergence across mtDNA, autosomal and Z-linked nuclear loci. A
key finding was that current species rank (Schodde & Mason, 1999)
was the best predictor of genetic divergence. A second key finding
was the lack of correspondence between molecular and morphologi-
cal divergence as well as the wide range of variability in divergence
of the parental populations. We also found that the levels of diver-
gence differed among the three DNA classes: autosomal, Z
chromosome and mtDNA; as expected based on differences in effec-
tive population sizes. Between the two nuclear DNA classes, the Z
chromosome loci were the most divergent. This lends support to the
role of sex chromosomes in the study of speciation and the utility of
using different marker sources for reconstructing evolutionary his-
tory (Claramunt, 2010; Dhami, Joseph, Roshier, & Peters, 2015;
Lavretsky et al., 2015; Sætre et al., 2003).
Habitat association was a weaker predictor of genetic diver-
gence. In the context of transition zones, which may have formed
due to changes in connectivity of habitat and persistence of lineages
in refugia, long-term residents of particular habitats would have
likely experienced shared population histories. The greater mitochon-
drial divergence of taxa in rain forest and mangrove habitats likely
reflects the more effective isolation of taxa by unsuitable habitat rel-
ative to the woodland species. As the association between neutral
genetic divergence and habitat is only significant in the mitochon-
drial DNA, the DNA class with the lowest effective population size,















































































F IGURE 5 Genetic divergence was plotted against Mahalanobis distances (proxy for morphometric divergence). No significant associations
were found for this comparison
TABLE 2 The results of the generalized linear models to estimate the explanatory power of species rank, habitat and morphometrics in
predicting the divergence measure of each chromosomal type (mtDNA, autosome and Z chromosome). These models comprise all Queensland
meliphagoid species in this study. df—degrees of freedom, AICc—corrected Akaike information criterion, D—difference between the
predictor’s AICc value and lowest AICc value
DNA class Predictor Intercept df Log likelihood AICc D Weight
Mitochondria Species rank 21.86 4 49.226 !86.5 0.00 0.860
Habitat 13.38 4 47.392 !82.8 3.67 0.137
Morphometrics 238.30 3 41.772 !75.1 11.31 0.003
Autosome Species rank 154.10 4 69.722 !127.4 0.00 0.778
Habitat 169.40 4 68.379 !124.8 2.69 0.203
Morphometrics !50.62 3 64.180 !120.0 7.48 0.018
Z chromosome Species rank 94.16 4 67.077 !122.2 0.00 0.673
Habitat 118.00 4 66.293 !120.6 1.57 0.307
Morphometrics 148.20 3 61.779 !115.2 7.00 0.020
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genetic drift. The effects of selection at these early stages of specia-
tion would likely be localized to certain nuclear genes that underlie
the phenotype under divergent selection, which may not yet influ-
ence neutral divergence throughout the nuclear genome (Via, 2012;
Poelstra et al., 2014).
Next, morphometric divergence was the poorest predictor of
neutral genetic divergence. Although an unexpected result, there are
many reasons as to why morphometric and genetic divergence may
be weakly correlated. Firstly, phenotypic divergence can manifest in
different morphometric and non-morphometric traits in varying
degrees. Overall phenotypic divergence, as used for species rank,
has varied contributions from morphology, song, plumage, physiology
and other traits depending on the species. It then follows that mor-
phometric distance alone should be expected to be a poor predictor
of species rank. Other traits, such as plumage, may be more likely to
be influenced by diversifying selection and therefore may be better
at predicting genetic divergence (Greene et al., 2000; cf. Lank,
2002). Secondly, hybridization and introgression can also decouple
the two divergence measures. If the phenotypic trait of interest is
under selection in one but not the other population, the degree of
introgression of allelic variants associated with that particular pheno-
typic trait and neutral genomic variants may vary (Baldassarre,
White, Karubian, & Webster, 2014). Lastly, genomic and phenotypic
characters are under the influence of different selective and stochas-
tic forces and so will evolve at different rates. It is increasingly evi-
dent that genomic divergence underlying certain major phenotypic
divergence, particularly in plumage, may be localized to certain parts
of the genome, while other genomic regions move more freely
between populations (K€upper et al., 2015; Lamichhaney et al., 2015;
Poelstra et al., 2014). In contrast, long-term isolation between popu-
lations can lead to elevated neutral genomic divergence from drift
yet the lack of diversifying selection on phenotypes in such popula-
tions might result in cryptic lineages.
The discordance we have observed between genomic and phe-
notypic divergence is useful for exploring their individual contribu-
tions to promoting speciation. This discordance is also consistent
with other studies of morphometric divergence in transition zones
where plumage may have stronger concordance with genetic diver-
gence (Winger & Bates, 2015). Although we did not quantify plu-
mage divergence in these systems, we acknowledge that they may
play an important role in shaping genomic divergence, especially in
the context of sexual selection. Certain subspecies breaks that have
been defined by plumage differentiation often do not have corre-
sponding genetic breaks. In particular, Pardalotus striatus, P. rubrica-
tus, Malurus melanocephalus (see also Lee & Edwards, 2008) and
Smicrornis brevirostris have been described as having plumage breaks
in these regions (Schodde & Mason, 1999) but have not shown
genetic breaks in our data. Alternatively, plumage-based taxonomic
breaks in Gerygone palpebrosa, Entomyzon cyanotis and Melithreptus
albogularis have corresponding genetic breaks according to our data.
Systematic quantification of plumage divergence between the popu-
lations through these transition zones would be valuable in describ-
ing its contribution to genomic divergence and speciation.
4.1 | Cryptic lineages
Cryptic lineages are defined as genetically distinct lineages that show
little or no obvious phenotypic divergence (Bickford et al., 2007).
For example, M. obscura in eastern Australia is recognized as a single
subspecies, M. o. harterti, yet it shows relatively deep divergence
and reciprocal monophyly for mtDNA at the TB (Figure 2). This spe-
cies would benefit from a broader biogeographical study, including
all of its populations in Australia and New Guinea, so that the diver-
sity we have observed can be placed in a more complete phylogeo-
graphical context. In M. albogularis, our data affirm Toon, Hughes,
and Joseph’s (2010) earlier finding that mitochondrial and nuclear
genetic divergences are far deeper than expected in our study
region. Clearly, the possibility of cryptic speciation in this case needs
to be examined more closely.
Other notable substructuring is present within the CYP popula-
tions in all “between-species” comparisons (Figure 2). These breaks
are not geographically congruent with one another. The substructur-
ing in the mitochondrial haplotypes may be an outcome of immi-
grants from populations beyond the present study zone (see Roshier,
Heinsohn, Adcock, Beerli, & Joseph, 2012). Alternatively, localized
population structuring may have formed within the Cape York Penin-
sula between different habitat patches. Closer examinations of these
cases are also warranted in the light of the multitude of cryptic lin-
eages revealed in recent work (Bickford et al., 2007; Potter, Bragg,
Peter, Bi, & Moritz, 2016; Voda, Dapporto, Dinca, & Vila, 2015).
Most importantly, these lineages provide the context for studying
other factors that may influence genetic divergence but not pheno-
typic divergence in the characters measured here.
4.2 | Barrier comparisons
The proximity of the three geographical barriers studied here is
not only unusual in the literature of speciation and suture zone
studies but it also begs the question of whether the different bar-
riers differentially affect patterns of genomic and phenotypic
divergence. We reiterate that the TB and BG are patches of drier
lowland habitat affecting the rain forests, whereas the EU is an
upland barrier affecting the woodland habitat. The different barrier
types and geographical proximity may result in variable influences
on molecular and phenotypic divergence between the three differ-
ent barriers, the populations being influenced by more than one
barrier, or a combination of both (Bryant & Krosch, 2016). The
following cases show the idiosyncratic nature of each barrier’s
effects. The TB has influenced divergence in the rain forest spe-
cies Meliphaga notata and Microptilotis gracilis but not Malurus
amabilis. The Einasleigh Uplands/Burdekin-Lynd Divide demarcates
divergent phenotypic forms of Pardalotus rubricatus, Smicrornis bre-
virostris, Gerygone olivacea and Melithreptus albogularis but only the
latter two have corresponding genetic divergence. Lastly, the BG
influences populations in Malurus melanocephalus, Entomyzon cyan-
otis and Sericornis magnirostra but not in Stomiopera flava, Myzo-
mela obscura or Ramsayornis fasciatus.
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Differences in the degree of similarity of the habitats on either
side of each of the barriers could also play a role in facilitating
genetic and morphometric divergence. Although genetic divergence
is not significantly correlated with morphometric divergence, mito-
chondrial and morphometric divergences are significantly correlated
with habitat. Differentiation of the habitat on either side of the bar-
riers would have a direct ecological selective pressure on morphome-
tric divergence, while genetic divergence would be influenced by
both selection and gene flow. Different types of rain forest elements
are discontinuous along the TB and BG. The northern rain forests
are mostly composed of lowland to mid-altitude rain forest elements,
while the southern rain forests are a broad mix of subtropical mon-
tane rain forest elements (Webb, Tracey, & Williams, 1984). The
mangrove elements on either side of the TB are not very differenti-
ated and are often lumped together though they are considered
fairly differentiated south of the BG (Saenger, Specht, Specht, &
Chapman 1977). On the other hand, woodland habitat in CYP area
is the most compositionally divergent, being classified as a mon-
soonal group, while the other two areas are classified into an east-
ern/south coastal group (Cracraft, 1991; Crisp, Linder, & Weston,
1995). It is important to note that differences in habitat structure,
rather than differences in plant community composition, may play a
key role in driving divergence in phenotype and genotype (Patten,
Rottenberry, & Zuk, 2004; Seddon, 2005). How habitat structure
varies on either side of transition zones and its influence in diver-
gence would be an important avenue for future studies.
Population pairs across other transition zones often have differ-
ent levels of genetic divergence (Bryant & Krosch, 2016; Dasmahap-
atra et al., 2010; Edwards, Potter, Schmitt, Bragg, & Moritz, 2016;
Moritz et al., 2009; Singhal & Moritz, 2013; Weir et al., 2015).
Edwards et al. (2016) and Singhal and Moritz (2013), in particular,
emphasized idiosyncrasies in sequence divergence levels in nearby
suture zones situated in the Carpentarian Barrier and the Wet Trop-
ics respectively. Despite limiting the study to closely related bird
species, this study shows that the northern Queensland transition
zone reflects the same idiosyncratic nature as other suture zone
studies comparing different levels of taxonomic distinctness, from
within genera or between orders. The resulting variation in genomic
and phenotypic divergence, despite sharing biogeographical barriers,
likely result from a combination of lineage-specific selection, varia-
tion in effective population sizes, gene flow, dispersal capabilities
and timing of initial population split (Coyne & Orr, 2004; Seehausen
et al., 2014). The “messy” nature of suture zones lends itself to
studying the influence of these different drivers of genomic and phe-
notypic divergence while controlling for biogeographical context.
Differential responses to a shared climatic history likely coupled
with population or lineage-specific habitat and life history traits
result in varying levels of genomic and phenotypic divergence. This
in turn could affect the propensity for hybridization or introgression
when the population pairs are in secondary contact. This augurs well
for the use of transition and suture zones in studies of speciation.
Additionally, suture zones would also greatly contribute to empirical
studies of “speciation-with-gene-flow.” Recent genomic studies of
hybrid zones have been rapidly accelerating our understanding of
the speciation process (Ellegren et al., 2012; Poelstra et al., 2014;
Teeter et al., 2008). The next step is to explore parallel hybrid zone
dynamics in a shared geographical region in order to start teasing
apart general genomic patterns of divergence as opposed to lineage-
specific patterns. Studies exploring the genomic landscape of diver-
gence and introgression using a comparative approach through a
suture zone will be an invaluable contribution for further advancing
our understanding of speciation and evolutionary theory.
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APPENDIX S1: SUPPLEMENTARY TABLES AND FIGURES 
  
Table S1.1 Sources of markers used for the study 
 
Locus Chrom. Reference Length (bp) 
    
00227 22 Backström et al. 
2008 
~400 
00469 27 Backström et al. 
2008 
~600 
04080 28 Backström et al. 
2008 
~600 
10551 24 Backström et al. 
2008 
~700 
ADAM10 10(Int7) Wang et al. 2012 526 
AGT2 Z Backström et al. 
2010 
798 
BDNF 5(Ex1) Kimball et al. 2009 690 
BRM Z Fuchs et al. 2012 ~400 
CSDE1 26(Int5) Kimball et al. 2009 372 
DDX5 18(Int5) Wang et al. 2012 381 
EF5 Z Backström et al. 
2010 
407 
FGB5 4(Int4) Kimball et al. 2009 ~500 
GAPDH 1 Fjeldså et al. 2003 ~400 
GTF3C3 7(Int4) Wang et al. 2012 474 
IRF2 4(Int2) Kimball et al. 2009 ~800 
KIF24 Z Backström et al. 
2010 
460 
MADH2 Z Backström et al. 
2010 
403 
MCCC2 Z Backström et al. 
2010 
536 
MUSK Z(Int3) Kimball et al. 2009 642 
MYO 1(Int2) Kimball et al. 2009 736 
NAT15 14(Int4) Kimball et al. 2009 1010 
NNT Z Backström et al. 
2010 
755 
ODC 3 Fuchs et al. 2012 743 
OPN1LW 19(Int1) Wang et al. 2012 546 
PARK7 21 Kimball et al. 2009 700 
PLAA Z Backström et al. 
2010 
433 
POLL 6(Int4) Wang et al. 2012 521 
PRDX6 8(Int4) Wang et al. 2012 580 
RASEF Z Backström et al. 
2010 
898 
RHOD 12 Kimball et al. 2009 ~800 
RPS23 Z Backström et al. 
2010 
262 
SEPT2 15(Int5) Wang et al. 2012 465 
SH3GLB 17(Int4) Wang et a. 2012 475 
SV2C Z Backström et al. 
2010 
354 
TGFB2 3(Int5) Kimball et al. 2009 685 
VIM 2(Int8) Wang et al. 2012 750 
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Table S1.2 Results of model selection between nested generalized linear models. The 
models being compared are taxonomy only vs. taxonomy and habitat. The AICc 
values suggest a poorer fit when habitat is added.  
 
Chromosome 
type Predictor Int df 
Log 
likelihood AICc Δ Weight 
        
mitochondria Species rank 27.01 4 97.598 -185.4 0.00 0.734 
 + habitat 19.52 6 99.771 -183.3 2.03 0.266 
        
autosome Species rank 155.0 4 126.522 -243.2 0.00 0.927 
 + habitat 127.5 6 127.174 -238.1 5.08 0.073 
        
Z-chromosome Species rank 102.30 4 121.775 -233.7 0.00 0.952 
 + habitat 94.65 6 121.981 -227.8 5.97 0.048 
 
 
Figure S1.1 Divergence comparisons of different chromosome types. The values 
depicted in each plot are the p and rho values from the Spearman’s rank correlation 
test. The blue line indicates a linear regression line of best fit and the grey shading 
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Figure S1.2 Clustering for recovery of reference contig for each sample. Reciprocal 
BLAST was ran for each sample against the set of reference targets as well as 
assembled contigs of other samples. Each contig was scored based on matching 
directly with the reference target as well as matching with a contig from a different 
sample that also matched with the reference target. The dashed lines in the figure 
shows reciprocal BLAST matches with the thicker lines corresponding to the 
matches of the recovered contigs. The connectivity from the BLAST matches forms a 
discrete “cluster” with the reference target. For example, if contigs 1A and 2A from 
sample A and contig 1B from sample B reciprocally matches the GenBank reference, 
they are all given the same score. If contig 1A from sample A reciprocally matches 
contig 1B from sample B, contig 1A would be given a higher score than contig 2A, 
which did not match. The contig with the highest score is retained as the 












Figure S1.3 Morphometric divergence plotted against species rank. An analysis of 




Figure S1.4 Morphometric divergence plotted against habitat. An analysis of 
variance suggests the correlation between the two variables is significant. Post hoc 
tests suggest that the significance is driven by difference between woodland vs. 
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APPENDIX S2. Geographic ranges for each species. Dashed lines represent 
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APPENDIX S3: MORPHOMETRIC MEASUREMENTS 
 
Taxon 
Tail Wing Exposed bill length 
CYP Contact EQld CYP Contact EQld CYP Contact EQld 
Within subspecies          
Lovely Fairywren 55.75 ± 3.04 (n = 16) 
56.75 ± 1.26 
(n = 4) 
55.40 ± 2.17 
(n = 11) 
49.81 ± 2.53 
(n = 16) 
50.50 ± 1.91 
(n = 4) 
49.91 ± 1.75 
(n = 11) 
10.18 ± 0.77 
(n =15) 
10.47 ± 0.37 
(n = 3) 
10.25 ± 0.48 
(n = 11) 
Helmeted Friarbird 121.98 ± 4.72           (n = 52) 
123.31 ± 4.36           
(n = 28) 
125.60 ± 4.77 
(n = 8) 147.13 ± 5.04 145.60 ± 5.50 
145.30 ± 4.32 
(n = 10) 45.39 ± 2.57 46.56 ± 1.96 45.61 ± 2.53 
Noisy Friarbird 111 ± 4.24 115.67 ± 6.43 118.14 ± 4.22 139 ± 1.41 142.33 ± 6.80 148.71 ± 4.89 33.1 ± 2.97 32.00 ± 1.25 33.77 ± 0.93 
Little Friarbird 102.36 ± 5.12 104.56 ± 2.77 105.27 ± 3.69 129.00 ± 4.71 130.64 ± 4.81 132.55 ± 4.80 29.15 ± 1.74 29.66 ± 1.76 28.99 ± 0.92 
Brown Honeyeater 51.13 ± 5.71 52.23 ± 2.64 53.92 ± 1.74 65.35 ± 5.11 67.38 ± 2.89 69.04 ± 1.85 14.6 ± 0.86 15.85 ± 0.87 16.04 ± 0.68 
Dusky Honeyeater 53.27 ± 3.43 52.08 ± 3.76 52.25 ± 4.93 68.87 ± 3.28 66.08 ± 4.04 67.58 ± 4.63 17.14 ± 0.83 16.62 ± 0.78 16.77 ± 0.79 
Between subspecies          
Weebill 31.33 ± 1.86 33.5 ± 2.12 31.4 ± 1.14 47.33 ± 0.51 45.00 ± 6.92 48.50 ± 1.37 6.3  5.6 6.14 ± 0.51 
White-throated Gerygone 34.15 ± 1.77 36.28 ± 1.51 37.52 ± 2.36 53.62 ± 1.12 55.68 ± 2.11 57.42 ± 2.34 8.43 ± 0.49 8.93 ± 0.49 9.08 ± 0.84 
Fairy Gerygone 37.33 ± 2.17 40.4 ± 1.58 41.02 ± 2.36 53.76 ± 1.41 53.87 ± 2.25 53.93 ± 2.27 9.93 ± 0.48 10.02 ± 0.44 10.00 ± 0.42 
Blue-faced Honeyeater 110.42 ± 5.86 117.31 ± 6.36 127.4 ± 4.50 142.70 ± 5.25 147.67 ± 5.10 152.2 ± 3.79 25.61 ± 1.41 27.23 ± 1.91 27.44 ± 1.17 
Yellow-spotted Honeyeater 71.15 ± 3.46 68.83 ± 3.37 66.83 ± 2.65 87.62 ± 2.02 85.50 ± 2.59 84.25 ± 2.60 18.06 ± 0.96 19.05 ± 1.01 18.43 ± 0.83 
Graceful Honeyeater 57.17 ± 3.38 58.50 ± 2.12 57.33 ± 2.94 73.39 ± 4.11 73.50 ± 3.53 71.50 ± 2.66 17.17 ± 1.14 19.00 ± 0.57 17.80 ± 0.81 
Yellow Honeyeater 65.14 ± 3.00 66.62 ± 3.48 88.72 ± 2.82 83.00 ± 3.19 83.64 ± 4.27 71.94 ± 2.36 16.89 ± 1.09 16.85 ± 0.98 17.33 ± 0.73 
White-throated Honeyeater 51.25 ± 3.41 51.80 ± 3.11 54.5 ± 1.82 70.88 ± 1.12 73.2 ± 3.11 75.69 ± 1.82 11.70 ± 0.36 12.20 ± 0.47 12.34 ± 0.48 
Between species          
Large-billed / Tropical Scrubwren 40.69 ± 3.10 40.69 ± 2.05 43.71 ± 2.76 56.80 ± 2.46 56.78 ± 2.22 55.41 ± 2.35 11.52 ± 0.76 12.70 ± 0.68 12.32 ± 0.88 
Macleay’s / Tawny-breasted 
Honeyeater 74.89 ± 3.22 NA 70.18 ± 4.05 96.63 ± 4.15 NA 86.75 ± 4.43 23.02 ± 1.59 NA 22.76 ± 1.66 
Fuscous / Yellow-tinted 
Honeyeater 59.71 ± 2.29 NA 63.75 ± 3.50 75.00 ± 1.41 NA 78.86 ± 3.51 8.93 ± 0.56 NA 11.19 ± 2.04 
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Current geography masks the dynamic history of gene flow during 
speciation in northern Australian birds 





 Genome divergence is greatly influenced by gene flow during early stages of 
speciation. As populations diverge, geography can allow or restrict gene flow in the 
form of barriers. Current geography is often used to predict the historic gene flow 
during the divergence process. We test this prediction in eight meliphagoid bird 
species codistributed in four populations. These populations are separated by known 
biogeographic barriers across northern Australia and Papua New Guinea. We find 
that bird populations currently separated by terrestrial barriers within Australia and 
marine barriers between Australia and Papua New Guinea have a range of 
divergence levels and probability of gene flow regardless of range connectivity. 
Geographic distance and historic range connectivity can better predict divergence 
and probability of gene flow. We also find support for a nonlinear decrease of the 
probability of gene flow during the divergence process. This implies that although 
gene flow influences divergence early in speciation, other factors factors associated 
with higher divergence may play a more important role in influencing gene flow 
later in speciation. Current geography may then mislead inferences regarding 
potential for gene flow during speciation under a complex and dynamic history of 











 Gene flow, selection, and genetic drift shape divergence during speciation, 
while geography sets the stage on which these forces act  (Mayr 1942; White 1978; 
Coyne & Orr 2004). The geographic mode of speciation is defined by the extent of 
spatial isolation during early stages of divergence. Population pairs can have disjoint 
(allopatric), completely overlapping (sympatric), or separate yet partially adjoining 
(parapatric) ranges (Mayr 1963). This geographic context predicts potential gene 
flow between populations. Variation in levels of gene flow affects genetic 
differentiation, in turn affecting the strength of selection and drift that is necessary 
to drive population divergence. Alternatively, under a purely population genetic 
framework the geographic mode of speciation is defined by levels of gene flow where 
allopatry is when the proportion of the population which are migrants (m) equals 
zero, sympatry is when m = 0.5, and parapatry is when 0 < m < 0.5 per generation 
(Gavrilets 2003).  
Studies aiming to understand how genome divergence accumulates under 
these different speciation scenarios often use the current distribution to infer the 
geographic mode of speciation then compare the patterns of divergence (Nosil et al. 
2012; Martin et al. 2013; Seehausen et al. 2014). This is particularly pertinent in 
studies aiming to identify genes relevant for adaptation or speciation as these loci are 
assumed to remain differentiated when speciation proceeds with gene flow when in 
parapatry. This would result in a skewed distribution of divergence with the outlier 
loci being candidates for further investigation (Martinsen et al. 2001). On the other 
hand, if speciation proceeded without gene flow in allopatry the signals of these 
relevant genes under selection may be diluted by divergence from drift and linked 
selection (Cruickshank and Hahn 2014, Burri et al. 2015. To disentangle divergence 
signals due to selection or demography, we must first have a better estimate of the 
history of the populations during divergence.  
Although geographic and genetic definitions are often assumed to 
correspond, this is not always the case in nature (Butlin et al. 2008). Current range 
distributions between sister species are often used to infer their geographic mode of 
speciation, although the dynamic nature of species ranges through evolutionary time 
can lead to unreliable predictions of gene flow (Losos & Glor 2003). Range 
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fluctuations during the Pleistocene climate cycling resulted in multiple periods of 
connectivity and discontinuity before resulting in the distribution we see today 
(Hofreiter & Stewart 2009). In order to understand how gene flow has influenced 
divergence during speciation, we must first understand how the geographic history 
may have shaped the potential for gene flow through time. The discrepancy between 
the spatial and population genetic definitions of the geographic mode begs the 
questions: does current geography adequately predict realized gene flow and, 
consequently, divergence during early stages of speciation? And are the patterns of 
divergence in the genome a direct result of the geographic mode of speciation or a 
byproduct of the degree of reproductive isolation? 
 Another confounding factor that obscures the signal of geography could be 
the degree of reproductive isolation between populations in contact which could 
have accumulated during periods of allopatry. Although geographic connectivity 
would have allowed for gene flow early in speciation, geographic connectivity can be 
insufficient for gene flow later in speciation either due to intrinsic incompatibilities 
or extrinsic selection (Seehausen et al. 2014). Especially in birds, prezygotic isolation 
from sexual selection on song or plumage could influence gene flow in later stages of 
speciation. To be able to hypothesize how quickly contemporary geographic context 
can disassociate with the geographic mode of speciation, we must understand how 
the probability of gene flow between populations changes with increasing 
divergence. 
One proposed model with increasing support is the ‘snowball’ model of 
accumulating incompatibility loci, initially proposed by Orr (1995). Qualitatively, 
this model and those derived from it specifies a nonlinear accumulation of 
incompatibility loci resulting in a short speciation duration (Welch 2004). The 
‘snowballing’ has also been modeled under scenarios with moderate to no gene flow 
(parapatry to allopatry) meaning different geographic modes may yield a similar 
short duration of speciation, varying only on how long it takes for speciation to 
initiate (Gavrilets 2000, 2014; Orr & Turelli 2001; Yamaguchi & Iwasa 2013, 2017). 
This rapid accumulation of isolation has also been proposed under models of 
divergent selection in speciation-with-gene flow and under neutral models (Via 
2012; Feder et al. 2012, 2014; Southcott & Kronforst 2017). Though the underlying 
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assumptions of these theories may differ, the trajectory converges to a rapid 
transition, ‘snowballing’, or ‘tipping point’ during speciation (simply referred to 
‘snowballing’ from this point forward). There is increasing empirical support for this 
pattern from studies of individual systems (Matute et al. 2010; Moyle & Nakazato 
2010; Riesch et al. 2017) and a taxonomically broad meta-analysis (Roux et al. 2016). 
More broad, comparative studies across multiple systems would help elucidate this 
trajectory to speciation.  
Here we investigate multiple bird species with populations codistributed in 
the same region with known barriers. Empirical studies of gene flow during 
divergence in relation to geography often survey closely related populations and 
species across different geographic regions with varying biogeographic histories and 
selection pressures (Nosil et al. 2012; Martin et al. 2013). However, to understand 
how shifting geographic ranges can erode the concordance between current 
geography and realized gene flow, it is more relevant to compare a set of taxa across 
common geography. Our study region comprises part of the monsoonal tropics of 
northern Australia and southern Papua New Guinea containing congruent 
biogeographic barriers for many taxa including birds (Cracraft 1986; Bowman et al. 
2010; Edwards et al. 2017). Sea level rise since the last glacial maximum has formed a 
barrier between northern Australia and Papua New Guinea (Lambeck & Chappell 
2001). Meanwhile, the aridification of mainland Australia has resulted in multiple 
semipermeable terrestrial barriers with parapatrically or allopatrically distributed 
populations. This area provides the necessary context to test how divergence varies 
between population pairs in parapatry and allopatry. It is important to note that 
parapatry across these barriers is defined as such that there is opportunity for gene 
flow though it may be restricted, unlike populations in sympatry which is not 
addressed in this study. Additionally, distinguishing  between models secondary 
contact (alloparapatry), periodic alloparapatry, ancient migration, and primary 
divergence is difficult especially in such shallowly diverged populations (Roux et al. 
2016; Yang et al. 2017). Furthermore, the signals and support for these alternative 
models vary depending on the level of divergence between populations (ex. 
secondary contact is more readily supported when divergence is sufficiently high 
and the time in allopatry was long enough to leave a signal). These different 
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scenarios will be under the umbrella of “parapatry” or “isolation-with-migration” for 
this study.  
Multiple studies have shown congruent phenotypic and genetic breaks for 
various plant and animal species in this region (Bowman et al. 2010; Kearns et al. 
2011; Catullo et al. 2014; Baldassarre et al. 2014; Edwards et al. 2016). Here we use 
one gerygone and seven honeyeater species co-distributed in four focal regions: 
Papua New Guinea (PNG), Northern Territory (NT), Cape York Peninsula (CYP) 
and eastern Queensland (QLD) that are separated by well-known barriers (Figure 1). 
These species were chosen as they have already been shown to have variation in 
divergence levels across known barriers between CYP and QLD (Peñalba et al. 2017) 
and have varying degrees of range connectivity (Schodde & Mason 1999) setting the 
stage to compare divergence in different biogeographical contexts. With this system 
we ask (1) how current geography, or potential for gene flow, predicts probability of 
gene flow and genome divergence during early stages of speciation, (2) how genome 
divergence influences realized gene flow in later stages of speciation, (3) and how 
divergence varies across different loci during the speciation process. Focusing on the 
codistributed ranges of these species will allow us to understand how the genome 
differentiates during speciation under different geographic contexts within and 
between closely related systems.  
 
Matrials and Methods 
Sampling 
 We sampled eight systems (nine species) with populations that occupy the 
four regions of interest: large-billed gerygone (Gerygone magnirostris), helmeted 
friarbird (Philemon buceroides), little friarbird (Philemon citreogularis), white-faced 
honeyeater (Entomyzon cyanotis), white-throated honeyeater (Melithreptus 
albogularis), brown honeyeater (Lichmera indistincta), dusky myzomela (Myzomela 
obscura), yellow-tinted and fuscous honeyeaters (Ptilotula flavenscens and P. fuscus) 
(Figure 1). For each population, we sampled two to six individuals for a total of 146 
individuals (15-21 individuals per species; Table S1). Samples were chosen from 
locations farther away from known contact zones to avoid recent hybrids (Ford 
1987). Brown honeyeater and white-throated honeyeater had insufficient sampling 
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for PNG so only the Australian populations were used in population divergence 




 We sanger sequenced NADH dehydrogenase-2 (ND2) using the primers 
L5204 (5’ TAACTAAGCTATCGGGCGCAT 3’) and H6312 
(5’CTTATTTAAGGCTTTGAAGGCC 3’) for estimates of mitochondrial divergence 
and structure (Sorenson et al. 1999). For the nuclear loci, we used a slightly modified 
version of the ddRADseq protocol as described by (Peterson et al. 2012). In brief, we 
digested the DNA using the restriction enzymes PstI and EcoRI and size-selected 345 
- 407bp (adapters included) using a Caliper DX. Approximately ten indexed 
individuals in ten pools were sequenced on an Illumina NextSeq500 for 150bp, 
single-read, mid-output and the rest were sequenced on another NextSeq500 lane 
with identical specifications except with high-output. A more detailed description of 
lab methods is available in the supplementary material. 
 
Data processing and analyses  
 For each species we generated a separate reference set of RAD loci via the 
PYRAD pipeline (Eaton 2014). We used individuals from a different species to serve 
as an outgroup to polarize the SNPs in downstream analyses. Only RAD loci which 
have corresponding homologous outgroup sequences were retained for the reference 
(Table S2). Each set was filtered again by using BLAST to query their locations on a 
draft genome assembly of the superb fairywren (Malurus cyaneus; see chapter 4). We 
filtered againt loci that map in multiple places as potential paralogous loci. 
Additionally, loci that were assoiated with the Z chromosome was split from those 
associated with the autosomes and analyzed separately in parallel. The resulting set 
of sequences were used as a separate reference set for each system.  We then 
returned to the raw reads and performed trimming and filtering prior to mapping 
them onto the corresponding reference set using BOWTIE2 v. 2.2.2 (Langmead & 
Salzberg 2012). In order to recover larger numbers of loci and avoid biases from 
filtering for loci with higher coverage, the mapped reads were further processed 
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using NGSTOOLS and ANGSD to utilize genotype likelihoods instead of genotyping 
for more accurate estimates of various population genetic statistics v. 0.911 
(http://www.popgen.dk/angsd; Korneliussen et al. 2014). 
 
Population structure 
It has been demonstrated that more loci, even of lower coverage, yields more 
accurate estimates of population genetic statistics compared to fewer loci of higher 
coverage when using genotype likelihoods (Fumagalli et al. 2013).We used ANGSD 
to further filter for SNPs to be used for downstream analyses (Table S3; see 
supporting material for detailed ANGSD commands). After careful screeing of 
coverage across all individuals, we used a minimum coverage cut-off of 2X and a 
maximum cut-off of 40X per individual to optimize the number of loci to be used 
while reducing the likelihood of recovering paralogous loci. The maximum coverage 
cut-off was determined by plotting a histogram of the average coverage per RAD 
locus and finding the upper threshold where most loci fell under. To determine 
population structure, we randomly chose a single SNP per RAD locus and reran 
ANGSD only for that set. We chose a single SNP to minimize the effect of linkage 
where true linkage among markers is not known. We then used used NGSDIST 
(Vieira et al. 2016) to generate a distance matrix which we used for a principal 
coordinates analysis (PCoA) using ‘cmdscale’ from base R (v3.2.2) and a population 
network using SPLITSTREE (Figure 1, Figure S1, Huson 1998).  
 
Population divergence statistics 
 To calculate the various population divergence statistics (FST, DXY, and DA) 
we used the software within the NGSTOOLS package. These statistics were used as 
they provide both relative and absolute measures of genetic divergence and can be 
compared to previous studies (Nosil et al. 2012; Martin et al. 2013; Roux et al. 2016). 
We used all SNPs within each RAD locus for all per locus and global measures. To 
calculate pairwise FST, we used realSFS on the ANGSD genotype likelihoods to 
estimate an unfolded 2D site frequency spectrum (SFS) per population pair and used 
the SFS to derive the per locus FST estimate (Reynolds et al. 1983; Weir & Cockerham 
1984). We used the same outgroups as the PYRAD filtering steps for the unfolded 
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SFS (Table S2). To calculate global Fst, we used the estimate of allele frequencies 
within each population and all populations pooled together FST = HT - HS / HT where 
HS = ΣHE / k and HE = 1 - Σ(p2 + (1-p)2)/m where k is the number of populations, m 
is the number of loci, and p is the allele frequency (Hartl et al. 1997). To calculate 
DXY, we used the estimate of allele frequencies which incorporated the genotype 
likelihood from ANGSD (Korneliussen et al. 2013). To calculate DA, we used the π 
estimates from ANGSD for each population and the equation DA = DXY - (πX + πY)/2. 
Lastly, we used the package ape v. 4.1 to calculate the ND2 genetic p-distance under 
the Jukes-Cantor model (Paradis et al. 2004). 
 
Estimating the likelihood of migration 
 We used an approximate Bayesian computation (ABC) model selection to 
estimate the likelihood of migration (i.e. how strong the evidence is for some gene 
flow during the divergence process) between each population pair . The ABC 
analyses and models followed that of Roux et al. (2016) but using the unfolded 
2DSFS as a summary statistic instead of the various population genetic statistics used 
in their study. We tested the models of isolation-with-migration (IM), isolation-
with-migration + heterogeneous Ne (IMhetN), isolation-with-migration + 
heterogeneous migration (IMhetM), isolation-with-migration + heterogeneous Ne + 
heterogeneous migration (IMhetNhetM), strict isolation (SI), and strict isolation + 
heterogeneous Ne (SIhetN). Heterogeneous Ne is modeled to reflect variation in 
recombination rate throughout the genome and heterogeneous migration is to 
reflect variation in gene flow across loci between hybridizing populations. We then 
used the R package abc v. 2.1 and calculated the likelihood of each model using a 
neural network with 50 trained and 6 hidden networks (Csilléry et al. 2012). We ran 
the abc analyses five times and used the average model support of the replicates for 
further analyses. As in Roux et al., we used the sum of the support for models 
containing a migration parameter as our probability for migration (Roux et al. 
2016). The sum of all model support values (IM, IMhetN, IMhetM, IMhetNhetM, SI, 
SIhetN) will add up to one and therrefore the probability of migration (sum of IM, 
IMhetN, IMhetM, IMhetNhetM) will range bewteen zero and one. Additional 
details of the analyses can be found in the supplementary material.  
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 To infer the relationship between divergence and realized gene flow, we 
correlated FST to the probability for migration between each population pair. To 
negate possible circularity where model support may be determined by FST itself, we 
calculated the FST of simulations under the SI model and reran the ABC model 
selection on a range of FST values. If the ABC model selection consistently recovers a 
low probability of migration, regardless of FST, high support for IM for populations 
with lower FST in the empirical data would more likely be a biological phenomenon 
rather than a model selection artifact.  
 
Speciation model fitting 
 In an attempt to characterize the shape of how the probability of migration 
changes with increasing divergence, we adopted the theoretical trajectories of 
parapatric speciation as proposed by Yamaguchi & Iwasa (2017). It is important to 
note that the variables used in this study (FST and probability of migration) is not 
directly comparable to the variables in Yamaguchi & Iwasa’s (2017) theoretical 
models (incompatibility genetic distance and incompatibility) but should rather be 
viewed as a proxy to compare alternative trajectories. The measures in this study and 
the theoretical models parallel each other such that they are all bounded by zero and 
one. The models include (1) ‘threshold’: where full incompatibility is reached after a 
certain divergence level, (2) ‘constant’  rate of divergence increase, (3) ‘accelerated’ 
where increase in divergence is small until a certain divergence threshold is reached 
and increase is accelerated, (4) ‘decelerated’ increase where divergence accumulates 
quickly but slows down as it approaches full incompatibility, and (5) ‘sigmoid’ where 
the rate of increase starts slow but accelerates after a certain threshold before 
decelerating again prior to reaching complete incompatibility suggesting a 
snowballing during the speciation process (Table S4, Figure S2). We simulated 500k 
distributions of the probability of migration under each speciation model. We 
provided the FST as input for the simulations and set the rate of decay and divergence 
threshhold as free parameters. We then used ABC and model rejection to estimate 
support for the alternative models for our data. To test robustness of our ABC model 
inference, we used 200 simulated datasets under each model to see if the correct 
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model is recovered (Table S5). Details regarding this method can be found in the 
supplementary material.  
Species distribution modeling 
 To infer how geographic distributions have changed through time we 
estimated geographic connectivity over space through time using species 
distribution modeling and least cost path analyses. We used vouchered specimen 
data from the Atlas of Living Australia (http://www.ala.org.au) for occurrence points 
and environmental variables from WorldClim v. 1.4 (Community Climate System 
Model 4; http://worldclim.org/paleoclimate) to predict species ranges under past 
climates. To model species distributions in R v. 3.2.2, we followed guidelines 
described in (Hijmans & Elith 2013). Correlation between environmental variables 
associated with each sampling point was tested and cnly environmental variables 
that were not correlated were used (Table S6). We used the R package dismo v. 1.1-1 
for the maximum entropy (MAXENT) analyses to predict species ranges (Hijmans 
& Elith 2013). We ran MAXENT using environmental layers from the present, mid-
Holocene and the LGM. Lastly, we selected a single coordinate (midpoint of the 
range) for each of the four populations and calculated the geographic distance 
between those points to account for isolation-by-distance. Between population pairs, 
we also calculated the least cost path using the R package gdistance v. 1.1-9 (van 
Etten 2017) in the current range, mid-Holocene, and LGM  predictions. For each 
population pair, we chose the minimum resistance path between all three time 
points to quantify the highest opportunity for migration among the three time 
points. Habitat resistance values can be found in Table S7 and species distribution 
predictions can be found in Figure S3.   
 
Results 
Population structure and divergence 
 Population structure varied between each taxon-pair though most had some 
form of clustering across the four populations (Figure 1). Of the eight species, five 
showed distinct clusters for all four populations, one showed only three distinct 
clusters, one showed only two distinct clusters, and the last showed no population 
clusters (FST 0.09 - 0.39). The degrees of clustering and the population relationships 
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are fairly variable, as shown by a PCoA and population network of the genetic 
distances (Figure S1). Geographically allopatric populations are not more likely to be 
separate clusters as shown by the PNG population often being mixed in with CYP 
and QLD. In the same manner, geographically parapatric populations are not 
necessarily mixed as as shown by NT often being the most diverged and consistently 
separate cluster even with current continuous geographic ranges with CYP and 
QLD.  Mitochondrial haplotype networks generally corroborated nuclear SNP 
structure. Measures of genetic differentiation and divergence also varied. Autosomal 
and Z chromosome divergences were consistently correlated with all divergence 
measures (Figure S4, Tables S8 and S9). Relative divergence (FST) and gene flow 
scales with mitochondrial divergence with a few outliers. The transition to low 
probability of migration is fairly rapid beyond 1% ND2 p-distance. DXY, an absolute 
measure of divergence, also scales with Fst but with more outliers compared to ND2 
(Figure S5). Though different measures of divergence in different DNA classes 
generally correlated as expected, divergence and structure of populations varied 
between species with no immediate patterns corresponding to geography. 
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Figure 1. Geographic regions that were sampled for this study with corresponding 
known biogeographical barriers. Sample networks were generated from a distance 
matrix estimated from the ddRAD genotype likelihoods. Within each system, the 
species and subspecies designation has been highlighted with the grey shading 
representing individuals within the same subspecies. FST represents global measures 
across all four populations. 
 
Geography and genome divergence 
 Relative genome divergence (FST) and realized gene flow (probability of 
migration) does not vary between the current geographic definitions of allopatry and 
parapatry: allopatry between PNG and mainland Australia and either allopatry or 
parapatry within mainland Australia, respectively (Figure 2, Figure S3, top; Kruskal-
Wallis χ2=2.58e-03, df = 1, p = 0.9595). Population pairs exhibit a range of 

















Helmeted Friarbird                                        F   = 0.39ST
M. a. albogularis
M. a. inopinatus




Blue-faced Honeyeater                               F   = 0.27ST
P. c. citreogularis
P. c. sordidus




Dusky Myzomela                                          F   = 0.24ST
P. flavescens
P. fuscus
Yellow-tinted x Fuscous Honeyeater       F   = 0.28ST
L. i. indistincta
L. i. ocularis
Brown Honeyeater                                       F   = 0.09ST
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sea. Divergence due to isolation-by-distance is well supported by a correlation 
between the adjusted FST and log of the distance in km (Spearman’s rank correlation: 
ρ = 0.427936, p = 0.004698). Correspondingly, the probability of migration also 
decreases with increasing distance (Spearman’s rank correlation: ρ = -0.482106, p = 
0.001225). Lastly, we compared the lowest landscape resistance (ie. maximum range 
connectivity or maximum potential for gene flow corrected for distance) between 
the three historic time points to FST for each population pair. All comparisons with 
PNG would have the LGM as the time point where PNG was connected with 
Australia (n=18). The time point with the maximum connectivity of within 
mainland Australia varied; with eight in current day, seven during the mid-
Holocene, and nine in the LGM (Table S7, Figure S3). There is a positive correlation 
between landscape resistance and FST (Spearman’s rank correlation test, S = 7048.6, ρ 
= 0.4288, p = 0.004601), which translates to a negative correlation between resistance 
and probability of gene flow (Spearman’s rank correlation test, S = 18102, ρ = -
0.466829, p = 0.00183). Though the classification of allopatry and parapatry based 
on predictions of current distribution may not predict divergence or probability of 
gene flow, other factors such as geographic distance or past connectivity proves to be 




Figure 2. Top: Relative divergence through the barriers colored by whether or not 
population pairs have disjunct ranges. Allopatry and parapatry are defined based on 
connectivity in the species distribution models. The barriers are ordered based on 
increasing geographic distance Middle: Adjusted FST values plotted against log of 
distance to show isolation-by-distance. Color gradient depicts the relative support 
for the models with gene flow. Points have been jittered by 0.03 to display the 
number of points. Bottom: Divergence plotted against the highest connectivity 
across three time points (present, mid-Holocene, LGM). 
 Although the patterns described above also apply to the Z chromosome, the 
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difference between the autosomal FST value and Z chromosome FST value increases 
with decreasing probability of gene flow (Spearman rank correlation: ρ = -0.5504, p 
= 1.58e-4) but does not correlate with current population connectivity (Kruskal-
Wallis rank sum test: χ2 = 0.12665, df = 1, p = 0.7219). This means that the amount 
of difference between autosomal and Z chromosome divergence is a function of 
overall divergence and not necessarily spatial context. The difference between 
autosomal and Z chromosome values increases with increasing divergence for both 
relative (FST) and absolute divergence (DXY), though absolute divergence far less so 
(Spearman rank correlation FST: ρ = 0.715672, p = 1.001e-7; Spearman rank 
correlation DXY: ρ = 0.285595, p = 0.06674; Figure S5). In this system, broad 
sampling of population pairs reveal that difference between autosomal and Z 
chromosome divergence is likely simply related to level of divergence rather than 
population connectivity. 
Genome divergence and speciation 
 Designations of allopatry or parapatry in current distributions do not predict 
realized gene flow, even for the less diverged populations. However, our data 
suggests that relative divergence level influences realized gene flow throughout the 
entire range of divergence. We see a rapid transition from high gene flow with low 
divergence to low gene flow with higher divergence through a narrow range of 
divergence levels; similar to the model of snowballing during speciation (Figure 3). 
Support values for the different demographic models can be found in Table S8. A 
subset of simulations under the strict isolation model was always recovered to have 
low probability of migration regardless of FST value, suggesting that the trajectory we 



































Figure 3. Probability of migration defined by the sum of ABC model supports for the 
4 models with a migration parameter (IM, IMhetM, IMhetN, IMhetNhetM) plotted 
against FST and DA. The grey dots correspond to simulations under strict isolation 
with low FST. The third panel is a plot of our expectation of the change in probability 
of migration under allopatry and parapatry. 
 After comparing our data to models proposed by Yamaguchi and Iwasa 
(2017), all simulations retained by the ABC model selection were those simulated 
under the sigmoidal function representative of a snowballing effect (Figure 2, Figure 
S2). There is no support that our data follows any other proposed trajectories. The 
FST range corresponding to the tipping point spans ~0.3 - 0.4. The Da range 
corresponding to the tipping point is ~0.1-0.17%. Species-specific points often span 
the entire range of the trajectory (Figure S7). Plots for the Z chromosome, DXY, and 
ND2 against probability of migration can be found in Figure S8. Our system 
provides additional empirical support for a snowballing pattern in speciation. 
 
Genome-wide divergence 
The coefficient of variance describes the distribution of the individual FST 
values across the RAD loci. Higher coefficient of variance corresponds to a more 
skewed distribution - i.e. one in which there is higher heterogeneity in levels of 
divergence across loci. At lower FST values (and high gene flow) there is a lower 
coefficient of variance as most values are close to zero. The coefficient of variance 
increases with increasing FST but peaks at intermediate levels of migration and starts 
to decrease again when the support for migration decreases. The change in the 
distribution of FST values follow a predictable pattern with increasing divergence 
where there is an initial skew from low to moderate divergence levels followed by a 
more uniform distribution from moderate to high divergence levels (Figure 4). This 
may be due to similarities in genome architecture rather than differences in current 
geographic classification. 
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Figure 4. Top: Density of FST distributions of the ddRAD loci with increasing global 
FST and decreasing probability of migration. Three representative population pairs 
were chosen to represent different divergence levels. Low: Brown honeyeater NT & 
QLD, Medium: Blue-faced honeyeater CYP & QLD, high: White-throated 
honeyeater NT & QLD. Bottom: Distribution of the skew of FST distributions with 
increasing global FST and decreasing probability of migration.  
 
Discussion 
Although it is theorized that the geographic mode of speciation provides the 
spatial context in which gene flow, selection, and drift shapes divergence across the 
genome, this history can often be difficult to infer from current geography and 
genomic data alone. Our data suggests that although currently continuous 
geographic ranges should result in higher potential for gene flow relative to 
discontinuous ranges, it does not necessarily translate to a higher probability of gene 
flow while the populations were diverging. This means that species pairs in 
parapatry did not necessarily diverge with gene flow and species pairs in allopatry 
did not necessarily diverge without. For this system, and likely many others, range 
connectivity has been dynamic through evolutionary history resulting in multiple 
	  70	  
periods of allopatry and recurrent reticulation of genomes between the populations 
(Figure 1, Figure S3, Rheindt & Edwards 2011, Cutter 2013, Fraisse et al. 2018). 
Assumptions of a sustained single geographic mode of speciation (such as strict 
parapatry or allopatry) may be a less realistic reconstruction of history unless 
supplemented by additional sources of evidence (Losos & Glor 2003; Butlin et al. 
2008). Although the sampling is meager, the inclusion of range connectivity in two 
additional historic time points sheds a more complete picture of the potential for 
gene flow between populations. Additionally, although shared biogeographic 
barriers may influence multiple species, the historic dynamic of populations on 
either side of the barrier may still vary and result in the range of divergence levels 
and population structuring we see in this data and other data on suture zones 
(Whinnett et al. 2005; Winger & Bates 2015; Singhal & Bi 2017).  
As the environmental and spatial context between diverging populations or 
nascent species fluctuates through time, so does the degree of reproductive isolation. 
The rate at which isolating mechanisms accumulate could also contribute to the 
dissociation of current geography and inferred mode of speciation. Our data 
provides evidence for a rapid, nonlinear transition between states of high and low 
probability of gene flow (Figure 3) with a few intermediate populations in a ‘grey 
zone.’ This transition occurs at a narrow range of nuclear and mitochondrial 
divergence: Fst ~0.3-0.4, Da ~0.1-0.17%, and ND2 p-distances of ~1-1.5%. Using the 
ND2 substitution rate from Pacheco et al. (2011), the p-distances within this 
transition zone would translate to 1.11-1.67 Mya, not too discordant to the 2 Mya 
estimate of speciation duration from Price (2008). Compared to the taxonomically 
broad study by Roux et al. (2017), the Da measures where this transition occurs is 
significantly lower in this system (0.1-0.17% vs. 0.5-2%). This threshold may allude 
to a characteristic specific to avian-specific speciation but more studies across other 
species would be necessary to test the robustness or variation of this proposed 
threshold. 
In an attempt to characterize the shape of this transition, we tested 
alternative models of speciation and we found support for a sigmoidal trajectory 
consistent with the “parapatric” or “divergence-with-gene-flow” model proposed by 
Yamaguchi & Iwasa (2017). This rapid transition mentioned above is flanked by a 
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slow rate of decreasing probability of gene flow prior to the transition but is also 
followed by another slow down. One hypothesis may be that when populations have 
sufficiently diverged, the selection against gene flow is relaxed resulting in a more 
protracted speciation continuum with infrequent or geographically restricted 
hybridization. This “parapatric” model does not strictly imply uninterrupted gene 
flow during divergence but could also represent multiple bouts of secondary contact 
(Hofreiter & Stewart 2009; Rheindt & Edwards 2017). Although we can begin to see 
a pattern emerging, our sampling may still lack the power to truly characterize the 
shape and rate at which nascent species reduce gene flow with increasing divergence. 
Additional comparisons and more complex models may lead to a better 
understanding of the trajectory of speciation. Ideally, estimates of population 
splitting time would inform us about the timing and duration of speciation and 
therefore the rate of accumulating divergence; however, we found that we could not 
use ddRAD to infer divergence times reliably (Shafer et al. 2016). 
Like current geography, the use of genomic data alone may still struggle to 
provide a complete divergence history, particularly for such shallow divergences. A 
currently discontinuous or allopatric population pair may still contain the signals of 
high gene flow from the recent past. Conversely, the rapid transition to low 
probability of migration may quickly dilute signals of historic gene flow such that 
the competing models may not be easily distinguished. A more integrative approach 
incorporating reconstructions of past environmental and spatial dynamics may get 
us closer to the history of population divergence and form hypotheses as to how 
drift, gene flow, and selection may act in this context. 
Consequently, we caution when using spatial proxies to formulate 
hypotheses regarding genome divergence and attempts to find genes relevant for 
adaptation and speciation. The proposed L-shaped distribution of divergence (FST) 
among loci across the genome of parapatric populations and more variable 
distribution of divergence for allopatric populations may be an artifact of sampling 
population pairs on either side of this rapid transition (Nosil et al. 2012; Martin et al. 
2013). Our data suggests that these two classes of genome divergence distributions 
could simply be either end of a continuum rather than two different geographic 
contexts (Figure 4). With this data it is difficult to distinguish whether this pattern 
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can be attributed to divergent selection of a few relevant loci followed by genome 
hitchhiking or linked selection affecting divergence but not relevant to adaptation or 
reproductive isolation (Burri et al. 2015; Cruickshank & Hahn 2014; Southcott & 
Kronforst 2017). We hypothesize that the rapid transition may be why the 
intermediate stages may be far less frequent resulting in a gap between low and high 
divergence (Reisch et al 2017).  Our simulations show that we should be able to 
distinguish between population pairs with and without gene flow when their 
divergence levels are low (Fst ~ 0-0.3) but the signals may be lost in higher 
divergence levels (Figure 3; Seehausen et al. 2013). To characterize the consequences 
of gene flow on the distribution of divergence among loci across the genome, it 
would be more pertinent to compare population pairs with similar global divergence 
levels but varying degrees of gene flow. On the other hand, if the goal is to find 
candidate genes relevant for adaptation and speciation, sampling from known 
hybrid zones is likely able to provide a better arena to disentangle the roles of gene 
flow and selection on divergence and speciation. 
There are a few important points to note when studying the geographic 
mode of speciation. First, neither range overlap nor migration rate is static during 
speciation and it is more likely that populations experienced various degrees of 
geographic connectivity and gene flow through time (Rheindt & Edwards 2011). 
This is particularly pertinent for highly vagile taxa, like birds, in highly dynamic 
geographic regions, like the Australopapuan region. Additionally, populations that 
are currently allopatric due to vicariance could have experienced periods of reduced 
but ongoing gene flow during the formation of the barrier (Yang et al. 2017).  
Second, population differentiation would also vary if a population has accumulated 
isolating mechanisms during allopatry and accelerated divergence during secondary 
contact (alloparapatry; Coyne & Orr 2004). Depending on the particular 
demographic history, isolation with continuous migration (primary divergence) can 
be difficult to distinguish from gene flow after secondary contact from genetic data 
alone (Roux et al. 2016). Third, population divergence in allopatry may not 
necessarily translate to speciation. Seeing that most species definitions rely on degree 
of reproductive isolation there are no consistent criteria to differentiate 
discontinuous populations with no gene flow from allopatric species (Mayr 1942; 
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Sukumaran & Knowles 2017; Harvey et al. 2017).The combination of reduced gene 
flow, either completely or partially, and genetic drift may result in population 
divergence but other factors likely play a more important role in speciation.  
Our comparative study of divergence of bird populations through the 
speciation process highlights the dynamic geographic history and its influence on 
divergence, provides additional support for a rapid transition in the speciation 
continuum, and characterize broad patterns of genome divergence through time.  
The divergence that we discuss in this paper is presumed to be neutral and therefore 
would benefit from a replicate study looking at divergence in coding regions to 
observe whether different marker types have different trajectories in the same 
populations. Comparative studies, particularly with multiple species in a shared 
geographic region, help elucidate patterns of genome divergence during speciation. 
To fully comprehend the patterns of neutral and adaptive genomic divergence, we 
need to sample broadly both phylogenetically and geographically while 
incorporating other sources of history to distinguish shared patterns in speciation 
differentiated from the exceptions.  
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Detailed ddRAD lab protocol 
 
We used a slightly modified version of the ddRADseq protocol as described 
by Peterson et al. [1]. In brief, we digested 500ng of genomic DNA using 10 U of PstI 
and 10 U of EcoRI restriction enzymes for 3 hours in 37° C. The reaction was 
completed without an enzyme deactivation step. The samples were then cleaned 
using 1.8 X SeraMag SPRI beads and eluted in 30ul TET buffer. We ligated adapters 
with inline barcodes flanked by the corresponding restriction site using T4 DNA 
Ligase. The ligation reaction was incubated in 23°C for 30 minutes, heat deactivated 
at 65° C for 10 minutes, and cooled at a rate of 2°C per 90 seconds until it reaches 
23°C. Ten individuals with different inline barcodes were pooled and cleaned using 
1.5X SeraMag SPRI beads and eluted in 20ul of PCR-grade water. We used the 
LabChip XT (PerkinElmer, LOC) to size-select 345 - 407bp. We used 3ul of the size-
selected sample for two replicate PCR reactions using IS4 and P7 barcoded primers 
from Meyer and Kircher [2]. The samples were amplified using Phusion Hot Start 
High-Fidelity Taq. Enriched libraries were cleaned using 1.2X of SeraMag SPRI 
beads and parallel PCR reactions were pooled together. Final samples were 
quantified using the Qubit Flourimeter prior to pooling equimolarly. Approximately 
10 x 10-individual pools were sequenced on a NextSeq500 for 150bp, single-read, 
mid-output and the rest were sequenced using a NextSeq500, 150bp, SR, high-
output. 
 
Data processing and analyses 
 
Reference RAD locus set and mapping 
 
 In order to generate a reference set of RAD loci to map back to, we carried 
out the entire PYRAD pipeline[3]. We clustered on 88% similarity and filtered for loci 
that did not have a minimum coverage of 2x for n - 5 individuals for each species. 
Lastly, we included two individuals of a different species to serve as an outgroup for 
polarizing the site frequency spectrum. Only loci with an outgroup are retained in 
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the reference. We used a python script to extract a separate ingroup and outgroup 
reference set from the PYRAD .loci file output.  
 We used a customized script and TRIMMOMATIC (v.0.32) to filter our single-
end, raw reads for mapping [4]. First we got rid of low complexity reads defined by 
being having at least 50% of the read be of a single base. We then carried out the 
following TRIMMOMATIC call to trim and filter the reads even further. We cropped 
the first few bases of each read to get rid of adapter sequences and restriction cut 
sites. We used BOWTIE2 (v2.2.2) to align the reads back onto the ingroup reference 
RAD locus set [5]. The alignments were sorted and indexed using samtools and the 
resulting bam files were used for further ANGSD and NGSTOOLS analyses [6-8]. We 
plotted the distribution of per locus average coverage to decide an upper limit for 
coverage. Approximately 95% of the reads fell under 40x average coverage. 
 
Command: 
java -jar trimmomatic SE -phred33 [SAMPLE].A.fq [SAMPLE].final.fq 
SLIDINGWINDOW:4:15 MINLEN:36 HEADCROP:10 
 




 We filtered the reference data set further using the following command to get 




angsd -P 2 -b bamlist.txt -ref ref.fa -out outdir/ -uniqueOnly 1 -remove_bads 1 -trim 
0 -C 50 -baq 1 -minMapQ 20 -minQ 20 -minInd [Ntotal - 5] -setMinDepthInd 2 -
setMaxDepthInd 40 -doCounts 1 -GL 1 -doMajorMinor 1 -doMaf 1 -skipTriallelic 1 




 From the SNPs we recovered from the filtering we randomly selected a single 
SNP per locus to generate the distance matrix used for the principal coordinates 
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analysis and population network graph. We reran ANGSD to get the genotype 
likelihoods only for those SNPs. We used ngsDist to generate a distance matrix to be 
used for the plots [9]. SplitsTree was used to generate the population network and 
the function cmdscale from base R (v 3.2.2) was used to generate the PCoA (Figure 




angsd -P 2 -b bamlist.txt -ref ref.fa -out outdir/ -uniqueOnly 1 -remove_bads 1 -trim 
0 -C 50 -baq 1 -minMapQ 20 -minQ 20 -minInd [Ntotal - 5] -setMinDepthInd 2 -
setMaxDepthInd 40 -doCounts 1 -GL 1 -doMajorMinor 1 -doMaf 1 -skipTriallalic 1 
-SNP_pval 1e-3 -doGeno 8 -doPost 1 -sites ALL.sites.txt -rf ALL.chrs 
 
ngsDist -verbose 1 -geno ALL.geno.gz -probs -n_ind [20] -n_sites [20000] -labels 
pops.label -o ALL.dist -n_threads 4 
 
Site frequency spectrum (SFS) 
 
 Two different SFS were generated, one to use as summary statistics for the 
demographic modeling and the other to estimate per locus FST. The demographic 
modeling assumes unlinked sites so only a single SNP per locus was used to generate 
the SFS. Additionally, intersection of the same SNPs were necessary between the 4 
populations we were comparing. On the other hand, per locus FST needs the SFS 
containing information for all SNP variants. An initial run of ANGSD was run per 
population to get information regarding which RAD loci were recovered for all 4 
populations. We then created a sites file containing all the SNPs and one SNP/locus 
from the shared loci. We reran ANGSD separately for these sites files. Finally, we 
used realSFS to extract 2DSFS for each population pair and obtain summary 
statistics. The SFS was used directory for the demographic modeling and an FST per 




for POP in CYP QLD NT PNG; doangsd -P 2 -b $POP.bamlist -ref [ingroup_ref.fa] 
-fold 0 -anc [outgroup_ref.fa] -out out/$POP -uniqueOnly 1 -remove_bads 1 -trim 1 
	   83	  
-C 50 -baq 1 -minMapQ 20 -minQ 20 -minInd 3 -setMinDepthInd 2 -
setMaxDepthInd 40 -doCounts 1 -GL 1 -doSaf 1 -sites ALL.sites -rf ALL.chrs; done 
 
Generate all SNP intersect 
realSFS print CYP.saf.idx PNG.saf.idx NT.saf.idx QLD.saf.idx | cut -f 1-2 > 
intersect.txt 
 
Second round - same command but for different SNP sets 
cut -f1 intersect.txt | uniq > intersect.chrs 
 
for POP in CYP QLD NT PNG; do angsd -P 2 -b $POP.bamlist -ref [ingroup_ref.fa] 
-fold 0 -anc [outgroup_ref.fa] -out out/$POP -uniqueOnly 1 -remove_bads 1 -trim 1 
-C 50 -baq 1 -minMapQ 20 -minQ 20 -minInd 3 -setMinDepthInd 2 -
setMaxDepthInd 40 -doCounts 1 -GL 1 -doSaf 1 -sites intersect.txt -rf intersect.chrs; 
done 
 
2DSFS estimate - same command for both 
realSFS -P 8 CYP.saf.idx PNG.saf.idx > CYP.PNG.sfs 
 
Generate FST index 
realSFS fst index CYP.saf.idx PNG.saf.idx -sfs CYP.PNG.sfs -fstout CYP.PNG 
 
Generate FST to be processed by R script 
realSFS fst print CYP.PNG.fst.idx > CYP.PNG.fst 
 
Absolute DNA divergence - DXY 
 
 The same SNP set that was used for the FST estimate was also used for the DXY 
estimate. We used ANGSD to generate allele frequencies for all alleles in each SNP 
to calculate DXY. We used the .mafs.gz output into an R script with the FST file to 




for POP in CYP NT PNG QLD; do angsd -P 2 -b $POP.bamlist -ref [ingroup_ref.fa] 
-anc [outgroup_ref.fa] -out out/$POP -uniqueOnly 1 -remove_bads 1 -trim 0 -C 50 
-baq 1 -minMapQ 20 -minQ 20 -minInd 3 -setMinDepthInd 2 -setMaxDepthInd 40 
-doCounts 1 -GL 1 -doMajorMinor 5 -doMaf 1 -skipTriallelic 1 -sites intersect.txt -rf 
intersect.chrs -dumpCounts 2; done 
 
Population divergence - DA 
 To estimate Da we needed to estimate population nucleotide diversity first 
and subtract the average from DXY. To do this we used ANGSD for estimation of θ 
and π. We need the SFS per population to estimate θ. We used the same files that 
obtained for the FST estimates to estimate an SFS per population and used that as 
input for the ANGSD run. We used an R script to estimate the per population 
diversity (Table S2).  
 
Commands: 
for POP in CYP PNG QLD NT; do realSFS -P 8 CYP.saf.idx > CYP.sfs 
 
for POP in CYP PNG QLD NT; do angsd -P 2 -b $POP.bamlist -ref [ingroup_ref.fa] 
-anc [outgroup_ref.fa] -out out/$POP -uniqueOnly 1 -remove_bads 1 -trim 1 -C 50 
-baq 1 -minMapQ 20 -minQ 20 -minInd 3 -setMinDepthInd 2 -setMaxDepthInd 40 




 We followed similar guidelines to Roux et al. to simulate our demographic 
models [11]. Unlike Roux et al., who used various population genetic statistics as 
their summary statistics, we used the ANGSD output for the SFS as the summary 
statistic [11]. Using Hudson’s ms we simulated a single variant per locus to simulate 
the ddRAD output and calculated the 2DSFS [12]. We simulated six different 
scenarios: isolation-with-migration (IM), IM with heterogeneous effective 
population size per locus (hetN), IM with heterogeneous migration rate per locus 
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(hetM), IM+hetNhetM, strict isolation (SI) and SI+hetN. The heterogeneity in 
effective population size and migration rate is to account for the variation in 
nucleotide diversity and migration across the genome.  Similar to the Roux et al. 
simulations, we used a beta binomial distribution to sample heterogeneity in N and 
m across the loci [11]. Initially, we sample the two separate beta shape parameters 
from a uniform distribution. We then assign a random proportion of the loci a 
heterogeneous N or m and the rest of the loci with homogeneous N or m (sampled 
from a uniform distribution). The each locus assigned heterogeneous receives a 
different value calculated from the homogeneous N or m parameter multiplied by a 
value from a beta distribution with the shape parameters sampled previously. 
Heterogeneous parameters were written out in a tbs file to be taken by the ms calls. 
All other priors were sampled from uniform distributions. The following ms calls 
were run under the various scenarios and the output was converted to a 2DSFS. We 
ran 300k simulations under each model for each sample number combination (ie. 
pop1 = 5 samples x pop2 = 4 samples). 
 
Strict isolation (SI) 
ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 0 -m 2 
1 0 -n 1 [Ne_pop1_prior] -n 2 [Ne_pop2_prior] -ej [Tsplit_prior] 2 1 -eN 
[Tsplit_prior] [Ne_anc_prior] > ms_SI.txt 
 
Strict isolation with heterogeneous Ne (SIhetN) 
ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 0 -m 2 
1 0 -n 1 tbs -n 2 tbs -ej [Tsplit_prior] 2 1 -eN [Tsplit_prior] tbs > ms_SIhetN.txt 
 
Isolation-with-migration (IM) 
ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 
[m1_prior] -m 2 1 [m2_prior] -n 1 [Ne_pop1_prior] -n 2 [Ne_pop2_prior] -ej 
[Tsplit_prior] 2 1 -eN [Tsplit_prior] [Ne_anc_prior] > ms_IM.txt 
 
Isolation-with-migration with heterogeneous Ne (IMhetN) 
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ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 
[m1_prior] -m 2 1 [m2_prior] -n 1 tbs -n 2 tbs -ej [Tsplit_prior] 2 1 -eN 
[Tsplit_prior] tbs > ms_IMhetN.txt 
 
Isolation-with-migration with heterogeneous migration (IMhetM) 
ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 tbs -m 
2 1 tbs -n 1 [Ne_pop1_prior] -n 2 [Ne_pop2_prior] -ej [Tsplit_prior] 2 1 -eN 
[Tsplit_prior] tbs > ms_IMhetN.txt 
 
Isolation-with-migration with heterogeneous Ne and migration (IMhetNhetM) 
ms [total_samples] [n_loci] -s 1 -I 2 [samples_pop1] [samples_pop2] 0 -m 1 2 tbs -m 
2 1 tbs -n 1 tbs -n 2 tbs -ej [Tsplit_prior] 2 1 -eN [Tsplit_prior] tbs > 
ms_IMhetNhetM.txt 
 
Prior to the ABC run, the first and last bins were removed. These bins correspond to 
no variation either fixed for the ancestral or alternate allele and these bins are not 
output by ms. The rest of the bins were also converted to ratios to account for 
variation in locus numbers of the different systems. We calculated the support values 
for each model from the 1500 closest SFS simulations using a neural network. The 
ABC probabilities for each population pair for each model can be found in Table S3.  
 
Speciation model support 
 
We fit our data under various proposed trajectories of parapatric speciation. 
These trajectories all share a parameter, zc, where there is no gene flow between 
populations. Under the threshold model, all populations below zc have high 
migration and all above have no migration. Under the constant growth model, there 
is a steady increase in incompatibilities until zc, when speciation has completed. 
Under the accelerated model incompatibilities start accumulating slowly but rapidly 
increases up to zc. In the decelerating model, incompatibilities start accumulating 
rapidly but slows down as it approaches zc. Lastly, in the sigmoid model 
incompatibilities start to accumulate slowly, then rapidly transitions to a tipping 
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point, then slows down again when nearing completion of speciation. Mathematical 
descriptions of each model can be found in Table S4. 
 We simulated our observed Fst values under the different speciation 
trajectories and assigned a uniform prior for the unknown parameters (a, zc, zo). The 
range of the prior for a varied depending on whether the model is constant (a = 1), 
decelerating (0 < a < 1), or accelerating (1 < a < 10). The point at which speciation is 
completed, zc, was bound between 0.5 < zc < 1 as we know from our data that most 
population pairs still have some, albeit low, support for gene flow at Fst ~ 0.5 
therefore zc cannot be below 0.5.  
 Parameter estimation of zo and b for the sigmoidal model yielded a mean of 
0.33 and 4.91, respectively. Posterior distribution of zc is identical to the prior 
distribution as we do not have enough data to define the divergence at which there is 
no gene flow in any populations. The estimate of zc is, therefore, not informative.  
 Test of robustness of our ABC models yielded good support under each 
scenario. Of the simulated data sets per model 92.28% of the accelerated model, 
99.78% of the constant model, 97.20% of the decelerate model, 81.84% of the 
sigmoid model, and 100% of the threshold model were assigned correctly. Of the 
remaining simulations under the sigmoid model that was not assigned correctly 
13.39% were assigned to accelerate and 3.71% were assigned to decelerate. Mean 
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Supplementary figures 
 
Figure S1. Population structure of each species represented by ND2 haplotype 
networks, ddRAD sampling networks, and principal coordinates analyses next to 
their geographic sampling locations. 
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Figure S2. Graphical illustrations representing the models describing the 
accumulation of incompatibilities. The x-axis represents the divergence and y-axis 
represents the number incompatibilities between populations.  
 

































































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Large-billed Gerygone (Gerygone magnirostris)
































































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)









Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Brown Honeyeater (Lichmera indistincta)


































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
White-throated Honeyeater (Melithreptus albogularis)


































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Dusky Myzomela (Myzomela obscura)










































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Helmeted Friarbird (Philemon buceroides)


































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Little Friarbird (Philemon citreogularis)


































Current day distribution Mid-Holocene (~6 Kya) Last Glacial Maximum (~21 Kya)
Yellow-tinted x Fuscous Honeyeater (Ptilotula flavescens x fuscous)































Figure S4. Plots of the correlations of various divergence measures between the 




Figure S5. ND2 p-distances and DXY plotted against FST. The plots show a small 
range of ND2 divergence levels where probability of migration quickly transitions 
between high to low. A few outliers may represent systems where mitochondrial 
divergence accumulated in periods of allopatry and were maintained after secondary 
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Figure S6. Plot showing the increasing difference between autosomal and Z 
chromosome divergence through increasing divergence. The points are colored by 
probability of migration with red having higher likelihood of gene flow and blue 
having a low likelihood of gene flow. Low probability of migration tends to have a 

























Figure S7. Plots highlighting species-specific points in the trajectory of decreasing 













































































































































P. flavescens x 
fuscus
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Figure S8. Plots of the decreasing likelihood of gene flow with 3 measures of genetic 
divergence (FST, DXY, and DA) for autosomal and Z chromosome. Likelihood of gene 
































































































Table S1. Individual sample information and associated voucher number from the 
Australian National Wildlife Collection, CSIRO, Canberra, Australia.  
 
Species Sample Population Latitude Longitude 
     
Entomyzon cyanotis B29845 CYP -12.4328 141.8511 
Entomyzon cyanotis B42938 CYP -13.6194 143.5056 
Entomyzon cyanotis B57229 CYP -11.90686 142.18051 
Entomyzon cyanotis B51580 CYP -13.0681 141.975 
Entomyzon cyanotis B32186 CYP -16.45 141.5833 
Entomyzon cyanotis B33941 NT -15.7019 129.6381 
Entomyzon cyanotis B54741 NT -14.172 133.741 
Entomyzon cyanotis B29991 NT -12.3978 131.1908 
Entomyzon cyanotis B54495 NT -16.503 136.447 
Entomyzon cyanotis B54658 NT -14.686 134.374 
Entomyzon cyanotis B56237 PNG -8.70793 141.65549 
Entomyzon cyanotis B56130 PNG -8.85101 141.24799 
Entomyzon cyanotis B56165 PNG -8.88643 141.25607 
Entomyzon cyanotis B56277 PNG -8.77699 141.63367 
Entomyzon cyanotis B56164 PNG -8.88643 141.25607 
Entomyzon cyanotis B41504 QLD -19.5667 147.2333 
Entomyzon cyanotis B43430 QLD -24.3583 150.9611 
Entomyzon cyanotis B55999 QLD -18.61753 144.76453 
Entomyzon cyanotis B31184 QLD -19.9322 147.8672 
Entomyzon cyanotis B44248 QLD -22.4417 150.2972 
     
Gerygone magnirostris B32144 CYP -14.1317 143.2733 
Gerygone magnirostris B39712 CYP -13.7 143.35 
Gerygone magnirostris B39969 CYP -15.15 143.8 
Gerygone magnirostris B39983 CYP -14.25 143.4333 
Gerygone magnirostris B51442 CYP -14.4769 144.2083 
Gerygone magnirostris B54621 NT -14.713 135.284 
Gerygone magnirostris B33683 NT -12.42 131.2242 
Gerygone magnirostris B33742 NT -12.4167 131.2114 
Gerygone magnirostris B54599 NT -14.742 135.292 
Gerygone magnirostris B48650 NT -11.4061 130.93 
Gerygone magnirostris B56004 PNG -9.06799 146.83009 
Gerygone magnirostris B56086 PNG -8.69726 141.1261 
Gerygone magnirostris B55973 PNG -8.71265 146.53625 
Gerygone magnirostris B56100 PNG -8.85101 141.24799 
Gerygone magnirostris B56134 PNG -8.85101 141.24799 
Gerygone magnirostris B56294 PNG -8.71246 141.64272 
Gerygone magnirostris B31306 QLD -18.9269 146.3183 
Gerygone magnirostris B31194 QLD -19.8203 147.6681 
Gerygone magnirostris B31218 QLD -19.7361 147.5553 
Gerygone magnirostris B31331 QLD -18.7342 146.1403 
Gerygone magnirostris B31332 QLD -18.7342 146.1403 
     
Lichmera indistincta B51483 CYP -14.6244 144.245 
Lichmera indistincta B32243 CYP -14.9786 143.5978 
Lichmera indistincta B51686 CYP -15.4367 141.7181 
Lichmera indistincta B29599 CYP -17.4722 141.1922 
Lichmera indistincta B41709 CYP -18.2167 139.8833 
Lichmera indistincta B33483 NT -15.6017 130.0367 
Lichmera indistincta B54818 NT -15.787 133.578 
Lichmera indistincta B54566 NT -15.665 135.654 
Lichmera indistincta B54594 NT -14.78 135.257 
Lichmera indistincta B48750 NT -11.9056 130.9222 
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Lichmera indistincta B31254 QLD -19.3361 147.0975 
Lichmera indistincta B32345 QLD -19.25 146.8 
Lichmera indistincta B31143 QLD -20.9078 148.8422 
Lichmera indistincta B43709 QLD -22.7614 150.6497 
Lichmera indistincta B43518 QLD -22.4267 150.5819 
     
Melithreptus albogularis B51510 CYP -13.0019 142.0583 
Melithreptus albogularis B32720 CYP -12.1756 141.8964 
Melithreptus albogularis B51423 CYP -14.305 144.2236 
Melithreptus albogularis B29715 CYP -13.8464 143.1453 
Melithreptus albogularis B32178 CYP -15.4203 144.1842 
Melithreptus albogularis B54698 NT -14.696 134.3 
Melithreptus albogularis B29984 NT -12.3978 131.1908 
Melithreptus albogularis B33932 NT -15.7019 129.6381 
Melithreptus albogularis B48618 NT -11.5136 130.8978 
Melithreptus albogularis B54425 NT -15.947 136.313 
Melithreptus albogularis B55950 PNG -9.02185 146.81592 
Melithreptus albogularis B56038 PNG -8.99921 146.79308 
Melithreptus albogularis B39410 QLD -22.1667 148.5 
Melithreptus albogularis B31140 QLD -20.9078 148.8422 
Melithreptus albogularis B31310 QLD -18.9269 146.3183 
Melithreptus albogularis B43790 QLD -22.7294 150.2481 
Melithreptus albogularis B56000 QLD -18.61753 144.76453 
     
Myzomela obscura B43004 CYP -13.7806 143.4861 
Myzomela obscura B39800 CYP -13.9333 143.4917 
Myzomela obscura B57192 CYP -11.64674 142.72982 
Myzomela obscura B43018 CYP -13.7583 143.4722 
Myzomela obscura B57101 CYP -10.73394 142.50963 
Myzomela obscura B33563 NT -12.42 131.2242 
Myzomela obscura B54715 NT -14.028 133.875 
Myzomela obscura B34507 NT -12.8167 131.65 
Myzomela obscura B48592 NT -11.7197 130.6733 
Myzomela obscura B51120 NT -15.6169 129.6272 
Myzomela obscura B56269 PNG -8.77699 141.63367 
Myzomela obscura B56307 PNG -8.68756 141.47913 
Myzomela obscura B55970 PNG -8.71265 146.53625 
Myzomela obscura B56258 PNG -8.58917 141.74752 
Myzomela obscura B56292 PNG -8.71246 141.64272 
Myzomela obscura B31220 QLD -19.7361 147.5553 
Myzomela obscura B31308 QLD -18.9269 146.3183 
Myzomela obscura B31119 QLD -20.9078 148.8422 
Myzomela obscura B43750 QLD -22.6022 150.6839 
Myzomela obscura B41530 QLD -19.2833 147.0333 
     
Philemon buceroides B32142 CYP -14.1316 143.2733 
Philemon buceroides B32255 CYP -14.3953 143.3625 
Philemon buceroides B42873 CYP -13.8972 143.5583 
Philemon buceroides B42971 CYP -13.7 143.4528 
Philemon buceroides B33751 NT -12.1783 131.1106 
Philemon buceroides B33752 NT -12.1783 131.1106 
Philemon buceroides B48720 NT -11.8506 130.8531 
Philemon buceroides B55954 PNG -9.01521 146.80179 
Philemon buceroides B55960 PNG -9.02185 146.81592 
Philemon buceroides B56001 PNG -9.09222 146.84665 
Philemon buceroides B55946 PNG -9.02211 146.77823 
Philemon buceroides B56018 PNG -8.99887 146.80368 
Philemon buceroides B31319 QLD -18.5997 146.2767 
Philemon buceroides B31122 QLD -20.9078 148.8422 
Philemon buceroides B31171 QLD -20.9078 148.8422 
Philemon buceroides B31121 QLD -20.9078 148.8422 
Philemon buceroides B31261 QLD -19.3361 147.0975 
     
Philemon citreogularis B32711 CYP -12.5556 141.9222 
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Philemon citreogularis B29534 CYP -17.4722 141.1922 
Philemon citreogularis B51537 CYP -13.0681 141.975 
Philemon citreogularis B48618 CYP -11.5136 130.8978 
Philemon citreogularis B54425 CYP -15.947 136.313 
Philemon citreogularis B50037 NT -12.3189 131.245 
Philemon citreogularis B51055 NT -15.7019 129.6381 
Philemon citreogularis B54502 NT -16.503 136.447 
Philemon citreogularis B54767 NT -14.023 133.827 
Philemon citreogularis B54807 NT -15.767 133.624 
Philemon citreogularis B56251 PNG -8.58917 141.74752 
Philemon citreogularis B56253 PNG -8.58917 141.74752 
Philemon citreogularis B56239 PNG -8.70793 141.65549 
Philemon citreogularis B56242 PNG -8.70793 141.65549 
Philemon citreogularis B43182 QLD -21.4667 146.7083 
Philemon citreogularis B31266 QLD -19.3361 147.0975 
Philemon citreogularis B41869 QLD -23.2667 150.4333 
Philemon citreogularis B28941 QLD -20.4 148.5833 
Philemon citreogularis B44304 QLD -22.7633 150.3392 
     
Ptilotula flavescens B49041 CYP -15.5717 143.6025 
Ptilotula flavescens B28551 CYP -15.5717 143.6025 
Ptilotula flavescens B57536 CYP -16.34678 143.05797 
Ptilotula flavescens B57526 CYP -16.34678 143.05797 
Ptilotula flavescens B41710 CYP -18.2167 139.8833 
Ptilotula flavescens B33513 NT -15.6306 130.0103 
Ptilotula flavescens B54782 NT -15.856 133.609 
Ptilotula flavescens B29423 NT -17.7272 139.39 
Ptilotula flavescens B54583 NT -15.673 135.766 
Ptilotula flavescens B54674 NT -14.755 134.379 
Ptilotula flavescens B56009 PNG -9.00854 146.80333 
Ptilotula flavescens B56007 PNG -9.00854 146.80333 
Ptilotula flavescens B56008 PNG -9.00854 146.80333 
Ptilotula fuscus B43568 QLD -22.6972 150.4222 
Ptilotula fuscus B55862 QLD -21.08607 146.43651 
Ptilotula fuscus B43569 QLD -22.7611 150.3111 
Ptilotula fuscus B43789 QLD -22.7625 150.3119 
Ptilotula fuscus B55861 QLD -21.08607 146.43651 
 
 
Table S2. Outgroup species and samples used for both PYRAD filtering and polarizing of the 
2DSFS. All sample numbers correspond to vouchers in the Australian National Wildlife 
Collection. 
 
Ingroup Outgroup Samples 
   
Entomyzon cyanotis Melithreptus albogularis B29715, B39410 
Gerygone magnirostris Gerygone levigaster B29636, B29732 
wLichmera indistincta Entomyzon cyanotis B43430, B44248 
Melithreptus albogularis Entomyzon cyanotis B43430, B44248 
Myzomela obscura Lichmera indistincta B41709, B51483 
Philemon buceroides Philemon citreogularis B31266, B32711 
Philemon citreogularis Philemon buceroides B56247, B56280 
Ptilotula flavescens / fuscus Entomyzon cyanotis B43430, B44248 
	   101	  
Table S3. RAD locus numbers after various steps of filtering. Any step that requires 




System RAD loci / unlinked SNPs Total SNPs 
   
Entomyzon cyanotis 22 428 55 234 
Gerygone magnirostris 33 291 82 633 
Lichmera indistincta 30 990 95 613 
Myzomela obscura 14 332 36 194 
Philemon buceroides 33 127 61 719 
Philemon citreogularis 47 266 108 400 
Melithreptus albogularis 31 127 72 092 
Ptilotula flavescens & fuscous 16 588 58 730 
 
 
Table S4. Mathematical models of parapatric speciation as described by Yamaguchi & Iwasa 
(2017) 
 
Model Function Parameters 
(1) Threshold 𝐼(𝑍) =    0  𝑓𝑜𝑟  𝑍 < 𝑍𝑐1  𝑓𝑜𝑟  𝑍   ≥ 𝑍𝑐  
(2) Constant 𝐼(𝑍) =    ( 𝑍𝑍𝑐)!  𝑓𝑜𝑟  𝑍 < 𝑍𝑐1  𝑓𝑜𝑟  𝑍   ≥ 𝑍𝑐  
a = 1 
(3) Decelerating 0 < a < 1 
(4) Accelerating a > 1 
(5) Sigmoid 𝐼(𝑍) =    𝐷( 𝑍!𝑍!! + 𝑍!)  𝑓𝑜𝑟  𝑍 < 𝑍𝑐1  𝑓𝑜𝑟  𝑍   ≥ 𝑍𝑐  𝐷 = 𝑧!! +   𝑧!𝑧!! , 𝑧! <   𝑧! , 1 < 𝑏 
 
 
Table S5. Mean posterior probabilities of 200 simulated data sets under competing 
speciation trajectories. The rows correspond to the model under which the data was 
simulated and the columns correspond to the model for which the simulation had highest 
support.  
 
 Accelerate Constant Decelerate Sigmoid Threshold 
Accelerate 0.9228 0.0080 0 0.0692 0 
Constant 0.0002 0.9978 0.0020 0 0 
Decelerate 0 0.0279 0.9720 0.0001 0 
Sigmoid 0.1349 0.0046 0.0371 0.8184 0 
Threshold 0 0 0 0 1 
Table S6. Table describing which climate layers were used for which species in the species 
distribution modeling (http://www.worldclim.org/bioclim). For each occurrence point of 
each species, we measured correlations of the different climate layers using a Spearman rank 
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correlation test. Climate layers correlated with a ρ > 0.7 were removed. The remaining layers 
have are not correlated with each other and serves as an independent predictor for the 


























































         
BIO1: Annual mean temp X       X 
BIO2: Mean diurnal range X X X  X X X X 
BIO3: Isothermality   X X   X  
BIO4: Temperature seasonality X     X  X 
BIO5: Max temp of warmest month  X X X X    
BIO6: Min temp of coldest month     X X   
BIO8: Mean temp of wettest quarter      X X  
BIO9: Mean temp of driest quarter  X X    X  
BIO12: Annual precipitation         
BIO13: Precipitation of wettest month X   X X X  X 
BIO14: Precipitation of driest month      X   
BIO15: Precipitation seasonality X X X X    X 
BIO18: Precipitation of warmest 
quarter  X X X X X X  
 
Table S7. Resistance values between populations through time. Infinity symbols denote 
having to cross an oceanic barrier.  
 







    
Entomyzon cyanotis 
CYP vs. NT 742.1002 851.1351 995.2401 
CYP vs. PNG ∞ ∞ 189.1555 
CYP vs. QLD 230.2103 255.7627 197.0822 
NT vs. PNG ∞ ∞ 881.0137 
NT vs. QLD 862.3774 1039.316 1061.6734 
PNG vs. QLD ∞ ∞ 384.5885 
Gerygone magnirostris 
CYP vs. NT 1510.0651 1816.8913 1215.1146 
CYP vs. PNG ∞ ∞ 385.3652 
CYP vs. QLD 282.7111 300.9629 1525.7326 
NT vs. PNG ∞ ∞ 1240.1005 
NT vs. QLD 1777.8343 2107.9084 2670.3581 
PNG vs. QLD ∞ ∞ 1804.532 
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Lichmera indistincta 
CYP vs. NT 711.0416 601.2957 848.4618 
CYP vs. QLD 263.3853 245.1646 307.7274 
NT vs. QLD 816.3009 718.2799 1001.021 
Melithreptus albogularis 
CYP vs. NT 682.5893 712.6771 403.6569 
CYP vs. QLD 269.3641 261.9011 258.2616 
NT vs. QLD 843.2562 876.0704 629.6025 
Myzomela obscura 
CYP vs. NT 883.9665 1610.5476 586.9946 
CYP vs. PNG ∞ ∞ 191.9053 
CYP vs. QLD 257.8238 235.5788 265.2507 
NT vs. PNG ∞ ∞ 656.8568 
NT vs. QLD 1134.5692 1845.4776 846.7071 
PNG vs. QLD ∞ ∞ 452.2978 
Philemon buceroides 
CYP vs. NT 2013.1151 1700.6599 643.9916 
CYP vs. PNG ∞ ∞ 215.058 
CYP vs. QLD 241.3088 245.6542 396.3104 
NT vs. PNG ∞ ∞ 1035.7023 
NT vs. QLD 2234.4709 1922.1084 1035.7023 
PNG vs. QLD ∞ ∞ 609.8001 
Philemon citreogularis 
CYP vs. NT 608.7709 596.7824 715.6097 
CYP vs. PNG ∞ ∞ 210.4877 
CYP vs. QLD 241.0794 239.4819 295.3669 
NT vs. PNG ∞ ∞ 807.1738 
NT vs. QLD 693.2003 707.879 807.1738 
PNG vs. QLD ∞ ∞ 474.8338 
Ptilotula flavescens x fuscus 
CYP vs. NT 745.2205 778.1429 846.6817 
CYP vs. PNG ∞ ∞ 269.3989 
CYP vs. QLD 335.3035 310.1177 324.2302 
NT vs. PNG ∞ ∞ 1094.2727 
NT vs. QLD 802.449 822.2543 857.5811 
PNG vs. QLD ∞ ∞ 590.4697 
 
Table S8. Various population genetic divergence estimates for ND2, the autosomal ddRAD 
loci, and the Z chromosome ddRAD loci.  
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CYP x NT 0.0144 0.376 0.541 0.0046 0.00348 0.00141 0.00139 
CYP x PNG 0.0040 0.147 0.186 0.0042 0.00286 0.00025 0.00011 
CYP x QLD 0.0013 0.175 0.184 0.0039 0.0024 0.00032 1.92E-
05 NT x PNG 0.0151 0.331 0.48 0.00458 0.00351 0.00120 0.00119 
NT x QLD 0.0150 0.42 0.602 0.00465 0.00362 0.00164 0.00166 
PNG x QLD 0.0044 0.196 0.289 0.00432 0.00308 0.00047 0.00046 
Entomyzon cyanotis 
CYP x NT 0.0194 0.363 0.674 0.00463 0.00411 0.00116 0.00188 
CYP x PNG 0.0014 0.197 0.269 0.00351 0.00156 0.00028 0 
CYP x QLD 0.0041 0.294 0.5 0.00391 0.00264 0.00069 0.00056 
NT x PNG 0.0221 0.393 0.694 0.00459 0.00394 0.00134 0.00192 
NT x QLD 0.0218 0.428 0.677 0.00485 0.00438 0.00161 0.00220 
PNG x QLD 0.0052 0.357 0.551 0.004 0.00274 0.00100 0.00087 
Lichmera indistincta 
CYP x NT 0.0022 0.117 0.137 0.00623 0.0041 0 0 
CYP x QLD 0.0027 0.11 0.136 0.00615 0.00394 0 0 
NT x QLD 0.0016 0.113 0.13 0.00615 0.00397 0 0 
Melithreptus albogularis 
CYP x NT 0.0358 0.453 0.591 0.00554 0.00472 0.00199 0.00181 
CYP x QLD 0.0346 0.189 0.277 0.00363 0.00282 0.00021 0 
NT x QLD 0.0352 0.494 0.62 0.00553 0.00459 0.00228 0.00201 
Myzomela obscura 
CYP x NT 0.02268 0.433 0.53 0.00447 0.00264 0.00125 3.18E-
05 CYP x PNG 0.0234 0.16 0.191 0.00412 0.00238 0 0 
CYP x QLD 0.0228 0.174 0.22 0.00361 0.00209 0 0 
NT x PNG 0.0141 0.387 0.478 0.00452 0.00269 0.00101 0 
NT x QLD 0.0288 0.487 0.589 0.00447 0.00272 0.00161 0.00039 
PNG x QLD 0.0295 0.222 0.287 0.00408 0.00249 0.00017 0 
Philemon buceroides 
CYP x NT 0.0209 0.588 0.753 0.00534 0.00437 0.00278 0.00258 
CYP x PNG 0.0123 0.373 0.543 0.00511 0.00476 0.00124 0.00166 
CYP x QLD 0.0026 0.237 0.354 0.00351 0.00203 0.00026 0 
NT x PNG 0.0209 0.472 0.598 0.00517 0.00491 0.00210 0.00246 
NT x QLD 0.0186 0.598 0.749 0.0054 0.00461 0.00295 0.00290 
PNG x QLD 0.0113 0.4 0.571 0.00521 0.00497 0.00145 0.00194 
Philemon citreogularis 
CYP x NT NA 0.167 0.295 0.00557 0.00447 0.00012 0.00021 
CYP x PNG 0.0084 0.134 0.161 0.00501 0.00302 0 0 
CYP x QLD 0.00558 0.109 0.122 0.00522 0.00316 0 0 
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NT x PNG NA 0.187 0.305 0.00535 0.00438 0.00034 0.00030 
NT x QLD NA 0.174 0.277 0.00557 0.00455 0.00021 0.00029 
PNG x QLD 0.0054 0.135 0.147 0.00497 0.00331 2.11E-05 0.00E+
00 Ptilotula flavescens x fuscus 
CYP x NT 0.0061 0.143 0.179 0.00595 0.0034 0 0 
CYP x PNG 0.0118 0.317 0.407 0.0059 0.00299 0.00101 0.00020 
CYP x QLD 0.0211 0.315 0.419 0.00784 0.00533 0.00127 0.00087 
NT x PNG 0.0092 0.329 0.395 0.00594 0.00316 0.00108 0.00032 
NT x QLD 0.0199 0.328 0.428 0.00787 0.00535 0.00133 0.00084 
PNG x QLD 0.0181 0.438 0.54 0.00785 0.00489 0.00253 0.00152 
  
 
Table S9. Population diversity estimates using the genotype likelihoods 
 
 
Population Autosome θ Autosome π Z chrom θ Z chrom π 
Gerygone magnirostris 
QLD 0.003277952 0.003471107 0.002135617 0.002257031 
CYP 0.003779394 0.003818522 0.002607181 0.002504605 
NT 0.002509809 0.002542577 0.001653728 0.001657289 
PNG 0.004580752 0.004210669 0.003370646 0.002980327 
Entomyzon cyanotis 
QLD 0.002980094 0.002982851 0.002006108 0.002024454 
CYP 0.003297949 0.003439777 0.002085779 0.002127208 
NT 0.003322739 0.003486444 0.002244548 0.002319431 
PNG 0.00275415 0.003004633 0.001684991 0.001713824 
Lichmera indistincta 
QLD 0.006261535 0.006173212 0.004934905 0.004754241 
CYP 0.006709101 0.006522674 0.005240394 0.005083222 
NT 0.006630884 0.006480875 0.005244635 0.004983413 
Melithreptus albogularis 
QLD 0.00315719 0.003107307 0.002623327 0.002542166 
CYP 0.003823935 0.003718332 0.003183195 0.00319773 
NT 0.003581574 0.003378084 0.002829646 0.002608657 
Myzomela obscura 
QLD 0.003152044 0.003259338 0.002627346 0.002641308 
CYP 0.004061045 0.00399263 0.003158196 0.003198763 
NT 0.002152452 0.002446523 0.001746233 0.002017711 
PNG 0.004936094 0.004560164 0.003753177 0.003409752 
Philemon buceroides 
QLD 0.002910696 0.003130851 0.002138609 0.002287512 
CYP 0.003200427 0.003355011 0.00235018 0.002434613 
NT 0.001662568 0.001749557 0.001096852 0.001125887 
PNG 0.004561044 0.004381696 0.003774143 0.003761706 
Philemon citreogularis 
QLD 0.00584692 0.005292435 0.004559265 0.004075835 
CYP 0.006099616 0.005472283 0.004465513 0.004061899 
NT 0.006152109 0.005412771 0.005223821 0.004439731 
PNG 0.004700834 0.0046053 0.003802249 0.003704582 
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Ptilotula flavescens x fuscus 
QLD 0.007301275 0.006987879 0.005368356 0.005039279 
CYP 0.005924051 0.006139365 0.003903004 0.00387129 
NT 0.005908877 0.006080792 0.003977746 0.003967045 
PNG 0.003359922 0.003632582 0.001629726 0.001699717 
 
 
S10. Individual demographic model support for all population pair comparisons 
 
Population 
Pair IM IM+hetM IM+hetN 
IM+ 
hetNhetM SI SI+hetN Sum (IM) Sum (SI) 
Entomyzon cyanotis 
CYP vs. NT 0.00000 0.00201 0.00000 0.00134 0.82932 0.16734 0.00335 0.99665 
CYP vs. PNG 0.02717 0.14286 0.61247 0.17442 0.01721 0.02587 0.95692 0.04308 
CYP vs. QLD 0.83851 0.03267 0.11371 0.00805 0.00605 0.00100 0.99294 0.00706 
NT vs. PNG 0.00000 0.00134 0.00000 0.00067 0.85542 0.14257 0.00201 0.99799 
NT vs. QLD 0.48552 0.09771 0.16053 0.04691 0.13729 0.07204 0.79067 0.20933 
PNG vs. 
QLD 
0.59172 0.16629 0.20426 0.02937 0.00507 0.00328 0.99164 0.00836 
Gerygone magnirostris 
CYP vs. NT 0.11469 0.05976 0.31301 0.02958 0.40736 0.07559 0.51705 0.48295 
CYP vs. PNG 0.77715 0.00829 0.20601 0.00147 0.00687 0.00021 0.99292 0.00708 
CYP vs. QLD 0.59355 0.02234 0.11815 0.01467 0.21770 0.03361 0.74870 0.25130 
NT vs. PNG 0.02245 0.36561 0.28765 0.26460 0.02477 0.03493 0.94030 0.05970 
NT vs. QLD 0.07517 0.22647 0.27303 0.05241 0.16561 0.20731 0.62708 0.37292 
QLD vs. 
PNG 
0.75213 0.02566 0.19753 0.00328 0.02060 0.00081 0.97860 0.02140 
Lichmera indistincta 
CYP vs. NT 0.10509 0.31191 0.05489 0.52544 0.00268 0.00000 0.99732 0.00268 
CYP vs. QLD 0.02860 0.74521 0.00311 0.21911 0.00017 0.00381 0.99602 0.00398 
NT vs. QLD 0.21281 0.39227 0.06154 0.31306 0.01993 0.00039 0.97968 0.02032 
Melithreptus albogularis 
CYP vs. NT 0.00000 0.01138 0.00000 0.01874 0.32597 0.64391 0.03012 0.96988 
CYP vs. QLD 0.01860 0.50718 0.28994 0.17289 0.00063 0.01077 0.98860 0.01140 
NT vs. QLD 0.00000 0.00201 0.00000 0.00402 0.35341 0.64056 0.00602 0.99398 
Myzomela obscura 
CYP vs. NT 0.00000 0.00067 0.00000 0.00067 0.76707 0.23159 0.00134 0.99866 
CYP vs. PNG 0.46452 0.23226 0.21017 0.09304 0.00000 0.00000 1.00000 0.00000 
CYP vs. QLD 0.34605 0.15663 0.32195 0.17537 0.00000 0.00000 1.00000 0.00000 
NT vs. PNG 0.01452 0.03478 0.01628 0.04084 0.35306 0.54053 0.10641 0.89359 
NT vs. QLD 0.00000 0.00000 0.00000 0.00134 0.54418 0.45448 0.00134 0.99866 
PNG vs. 
QLD 
0.15127 0.08969 0.57564 0.18340 0.00000 0.00000 1.00000 0.00000 
Philemon buceroides 
CYP vs. NT 0.00000 0.00335 0.00134 0.00535 0.31928 0.67068 0.01004 0.98996 
PNG vs. CYP 0.00000 0.00669 0.00469 0.00535 0.68340 0.29987 0.01673 0.98327 
QLD vs. CYP 0.02583 0.05999 0.41901 0.45185 0.00618 0.03715 0.95667 0.04333 
PNG vs. NT 0.00000 0.00134 0.00602 0.00134 0.67001 0.32129 0.00870 0.99130 
QLD vs. NT 0.00000 0.00535 0.00335 0.00937 0.28581 0.69612 0.01807 0.98193 
PNG vs. 0.08535 0.10510 0.32505 0.06353 0.35212 0.06885 0.57903 0.42097 
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QLD 
Philemon citreogularis 
CYP vs. NT 0.00000 0.10977 0.04685 0.73829 0.00000 0.10509 0.89491 0.10509 
CYP vs. PNG 0.29050 0.05689 0.53548 0.11714 0.00000 0.00000 1.00000 0.00000 
CYP vs. QLD 0.41633 0.17738 0.19143 0.21486 0.00000 0.00000 1.00000 0.00000 
NT vs. PNG 0.00000 0.06894 0.08099 0.67269 0.00000 0.17738 0.82262 0.17738 
NT vs. QLD 0.00000 0.11379 0.12985 0.63722 0.00201 0.11714 0.88086 0.11914 
QLD vs. 
PNG 
0.61306 0.04022 0.28952 0.03317 0.01849 0.00554 0.97597 0.02403 
Ptilotula flavescens & fuscus 
CYP vs. NT 0.02878 0.21419 0.23427 0.52142 0.00000 0.00134 0.99866 0.00134 
CYP vs. PNG 0.11232 0.06250 0.30104 0.17249 0.21740 0.13424 0.64835 0.35165 
CYP vs. QLD 0.00000 0.02209 0.00000 0.03882 0.50134 0.43775 0.06091 0.93909 
NT vs. PNG 0.05885 0.18866 0.07433 0.09175 0.37301 0.21340 0.41359 0.58641 
NT vs. QLD 0.00000 0.00335 0.00134 0.00067 0.81258 0.18206 0.00535 0.99465 
QLD vs. 
PNG 
0.00000 0.00870 0.01272 0.03882 0.28514 0.65462 0.06024 0.93976 
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Rapid decrease in cline width correlates with divergence of the 
parental populations 
Joshua V. Peñalba, Leo Joseph, Craig Moritz 
 
Abstract 
Hybridization resulting in gene flow is generally assumed to homogenize and 
prevent the accumulation of variation between diverging populations. In a 
geographic context, however, the extent of hybridization is a function of dispersal, 
selection, and timing since secondary contact. We would then theorize that under 
equilibrium more diverged populations are likely to have restricted hybrid zones 
relative to lesser diverged populations due to the heterogeneous migration of 
different genomic loci. Empirical evidence that can shed light to this relationship is 
often lacking due to variation in dispersal of the organisms and variation landscape 
of  the hybrid zones. To address this, we sampled through ten contact zones in a 
suture zone of meliphagoid birds in the Cape York Peninsula and eastern 
Queensland. From a sampling of SNPs across the genome, we find that the width of 
the hybrid zone decreases exponentially with increasing divergence. This result 
complements the theory regarding a rapid decrease of gene flow associated with a 
slight increase in divergence except with an added spatial dimension. We find a 
positive correlation between the width of the range in the contact zone with the cline 
width, suggesting that habitat preference may influence opportunity for 
hybridization. Our results not only highlights how rapidly hybridization becomes 
restricted with slight increase in nuclear divergence but also how geographic range 










 The speciation process is characterized by increasing genome divergence and 
decreasing gene flow as populations differentiate and become more reproductively 
isolated (Coyne & Orr, 2004). While it is challenging to assess the degree of 
reproductive isolation when populations are diverging in allopatry, contact zones 
and hybridization within them provide a natural experiment to test the compatibility 
of one genome in both the intrinsic and extrinsic environments of the other (Arnold, 
1997; Harrison, 1990; Martinsen, Whitham, Turek, & Keim, 2001). The degree of 
prezygotic and postzygotic isolation and dispersal capability all interact to restrict or 
facilitate widespread genetic exchange. Under many scenarios, however, the 
geographic extent of introgression can reach an equilibrium between selection and 
migration creating stable hybrid zones (Barton & Hewitt, 1985; Endler, 1977). Some 
of the geographic variation in admixed individuals may represent variation in gene 
flow of different markers across the semipermeable genomes (Baldassarre, White, 
Karubian, & Webster, 2014; Harrison & Larson, 2014; Nosil & Feder, 2012). The 
geographic extent of admixture can be represented as a cline from one population 
transitioning into another (Endler, 1977). In time, variation in both genetic drift and 
divergent selection across the genomic and geographic landscape can facilitate 
coupling of locus-specific clines. For example, SNPs in genomic regions of low 
recombination are more likely to have concordant clines but also contact zones that 
fall in a geographic region with lower population density are also more likely to have 
steep, concordant clines in that region (Endler, 1977). Coupling of clines across the 
genome can result in geographically concordant, steeply stepped clines between two 
populations which further restricts gene flow possibly resulting in speciation 
(Barton, 1983).  
 Many studies across hybrid zones aim to characterize these initial barriers to 
gene flow by identifying genes or genomic regions which have sharp clines or high 
divergence (Gompert, Mandeville, & Buerkle, 2017). Some models posit that some 
proportions of genes containing alleles restricted to either population are important 
for local adaptation and/or reproductive isolation, and therefore speciation (Larson, 
Andrés, Bogdanowicz, & Harrison, 2013; Nosil, 2012). Following this logic, we 
would then expect selection to reduce recombination between such locally adapted 
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loci resulting in an overall reduction in gene flow, an associated coupling of clines, 
and increase in overall genome divergence (Feder et al., 2014; Via, 2012; Wu, 2001). 
Other models emphasize the role of coupling genomic incompatibilities to reduce 
recombination across genomes diverging with gene flow in a nonlinear rate (Feder et 
al. 2014; Nosil et al. 2017) . Still other models propose a more neutral perspective in 
the increase of isolation in scenarios of divergence with gene flow (Southcott & 
Kronforst, 2017). Although these models are not mutually exclusive, it would be 
beneficial to compare patterns across various hybrid zones to help determine how 
common these scenarios are in nature (Nolte, Gompert, & Buerkle, 2009; Teeter et 
al., 2010). First, comparative hybrid studies would help characterize how rapidly the 
geographic extent of gene flow decreases with increasing divergence.  Second, 
comparative studies can help determine which divergence patterns between hybrid 
zones are due to shared evolutionary and ecological contexts or genome architecture 
and which are due to species-specific adaptation (Arias, Van Belleghem, & 
McMillan, 2016; Sousa & Hey, 2013).  
Although comparisons across hybrid zones have already led to many 
discoveries regarding speciation, some comparisons may be limited by variation in 
geographic context and natural history features such as dispersal or mating system 
(Abbott et al., 2013; Ravinet et al., 2017; Toews et al., 2016). Studies across 
geographically co-distributed contact zones, or “suture zones”, of closely related taxa 
can help provide a unique perspective with replicate comparisons across common 
environmental gradients and history with some shared life history traits (Seehausen 
et al., 2014). Accordingly, suture zones provide a powerful tool to understand the 
variation in introgression patterns brought upon by other forces such as degree of 
reproductive isolation, phenotypic divergence, or variation in the responses to the 
shared history. Furthermore, suture zones allow comparisons between lineage-pairs 
at different stages of speciation to understand how these forces act throughout the 
speciation continuum. For example, a study of 16 contact zones in a bird suture zone 
in Peru clearly demonstrated that contacts between phenotypically divergent species 
had lower gene flow and higher divergence compared to a contact zone of a 
congener without phenotypic divergence in the same region (Winger, 2017; Winger 
& Bates, 2015).  Investigation of a suture zone of five Australian skinks has 
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characterized the gradual increase of reproductive isolation and concomitant 
decrease in the permeability of divergent genomes with only modest increase in 
divergence (Singhal & Bi, 2017; Singhal & Moritz, 2013). The different lineages 
involved in a suture zone extend the utility of individual hybrid zones as natural 
experiments as they can be thought of as replicates in a broader endeavour to 
understand the speciation process. 
 To understand the influence of geography on divergence and gene flow 
across the landscape, we sampled across ten contact zones of meliphagoid birds 
(honeyeaters, gerygones, and fairywrens) in northern Queensland, Australia. This 
region has been identified as harboring many contact zones of phenotypically 
divergent and taxonomically distinct birds (Cracraft, 1986; Ford, 1986, 1987). In a 
previous study, we characterized the genetic and morphological divergence across 27 
contact zones of meliphagoid birds. The contacts across this region have a wide 
range of genetic and morphological divergence, though the two divergence measures 
do not correlate (Peñalba, Mason, Schodde, Moritz, & Joseph, 2017). Additionally, 
the phylogeographic breaks in the mitochondrial ND2 locus have been shown to 
roughly coincide with the previously proposed barriers: Torresian barrier, Einasleigh 
Uplands, and Burdekin Gap (Figure 1; Cracraft, 1986; Ford, 1987; Keast, 1961). We 
have also identified variation in the probability of gene flow among allopatric 
samples across eight meliphagoid birds through this region, which may suggest 
potential hybrid zones (Penalba et al. submitted). Although it is not clear whether 
the variation in divergence and gene flow is due to primary divergence, secondary 
contact, or both in this system, the similarity in the patterns which result from these 
two scenarios make distinguishing between them difficult with genomic data alone 
(Endler, 1977; Roux et al., 2016). The range of divergence levels and probability of 
gene flow sets this region up for testing assumptions in the theory of speciation and 
genome divergence.  
For the present study, we chose ten contacts at varying degrees of genetic and 
phenotypic divergence to characterize the geographic extent of introgression. We 
then sequenced ddRAD loci and estimated genotype likelihoods to robustly estimate 
population divergence and individual ancestry. Using this system we ask (1) does 
extent of hybridization vary through this suture zone? (2) how rapidly does the 
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geographic extent of gene flow decrease with increasing divergence of allopatric 
populations? By comparing parallel contact zones we can understand the change in 





 We sampled 17-38 individuals across 10 contact zones in Cape York 
Peninsula and northern Queensland (Table 1, Table S1). Following most recent 
taxonomy assessments (Schodde & Mason, 1999), one of the ten contact zones is 
within a subspecies, six are between subspecies, and three are between closely related 
species. One to two individuals were sampled every ~100 km in a two-dimensional 
grid across the parental range and through the contact zone (Figure 1). Rainforest, as 
well as mangrove, species are coastal, whereas woodland taxa occur more broadly 
through the region. The DNA was then extracted from liver or muscle tissue using a 
standard salting out procedure.  
 
Sequencing 
 Double-digest RAD libraries were prepared and sequenced for all individuals 
mainly following the (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012) protocol with 
slight modifications described in detail in Peñalba et al. (submitted). In brief, we 
digested the DNA using the PstI and EcoRI restriction enzymes and ligated 
individually barcoded adapters. We then combined 10 individuals per pool, size 
selected for fragments within 345-407 bp, and amplified using primers from Meyer 
& Kircher (2010). Finally, we combined all pools and sequenced all individuals in 
two lanes of the Illumina HiSeq4000, 100bp, single read. We used previously 
published ND2 sequences for our mitochondrial distance measures (Peñalba et al., 
2017). 
 We sequenced and assembled a draft reference genome for a representative 
species within each of the families. For Acanthizidae we sequenced a tropical 
scrubwren (Sericornis beccarii; ANWC:B57185) and for Meliphagidae we sequenced 
a varied honeyeater (Gavicalis fasciogularis; ANWC:B28775) using the 10X 
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Genomics Chromium system. We extracted DNA from liver samples stored in 
RNAlater using the Qiagen Genomic Tip kit. Each 10X Genomics Chromium library 
was sequenced in half a lane of the Illumina HiSeqX platform. The reads were 
processed and the genomes were assembled using the default parameters in 
SUPERNOVA (Weisenfeld, Kumar, Shah, Church, & Jaffe, 2017). We then used a draft 
chromosome-scale genome of the superb fairywren (Maluridae: Malurus cyaneus) as 
a reference to associate the contigs to chromosomes (see chapter 4). These draft 
genome assemblies were used to filter for potential paralogous loci. Initial attempts 
to map to putative Z chromosome scaffolds yielded low and inconsistent numbers of 
loci thus we focused on autosomal loci for the present study. 
 
Data processing 
 Following Peñalba et al. (submitted), we initially trimmed and processed the 
ddRAD sequence reads using PYRAD to generate a set of reference loci for each of 
the ten contact zone comparisons (Eaton, 2014). We clustered sequences within each 
comparison using an 88% similarity threshold and trimmed the leading bases 
containing the individual index and restriction site. We then used BLAST to align 
the reference loci to the reference genome of the species within the same family and 
filtered out reference loci that aligned to multiple locations  in the genome (Altschul, 
Gish, Miller, Myers, & Lipman, 1990). The raw reads were then cleaned and 
trimmed in a separate pipeline using TRIMMOMATIC and mapped back onto the 
filtered, species-specific reference loci using BWA (Bolger, Lohse, & Usadel, 2014). 
Further filtering of the SNP data was carried out using ANGSD while inferring 
genotype likelihoods (Korneliussen, Albrechtsen, & Nielsen, 2014; details in 
supplementary methods from chapter 2). Only a single SNP per RAD locus was used 
for all analyses to minimize autocorrelation due to physical linkage (loci referred to 
as “unlinked SNPs” throughout the manuscript although true linkage is not known) 
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Population structure, admixture, and divergence 
 To assess population structure and estimate admixture proportions 
(individual ancestry), we used the genotype likelihoods from ANGSD and 
NGSADMIX (Skotte, Korneliussen, & Albrechtsen, 2013). This approach mitigates any 
biases due to variation in sequencing depth and genotyping algorithms by 
incorporating the uncertainty throughout the analysis (Fumagalli et al., 2013; 
Gompert & Buerkle, 2013). Additionally, we inferred admixture using all unlinked 
SNPs instead of filtering for sites segregating in the allopatric populations which can 
suffer from ascertainment bias. This approach incorporates the variation in 
migration rate among loci across the genome. We used NGSADMIX  instead of 
alternative commonly-used methods for its capability of using the genotype 
likelihoods provided by ANGSD. We used a minor allele frequency cut-off of 0.05 
and ran the clustering from K=1 to K=10 with 15 replicates for each K cluster. For 
K=2 to K=4 we combined each of the replicates using CLUMPP and plotted the 
admixture proportions (Figure S2; Jakobsson & Rosenberg, 2007). We also plotted 
the log likelihood provided by NGSADMIX to assess validity of potential clusters 
(Figure S3). As the likelihood provided by NGSADMIX steadily increases with 
increasing K, the change in the likelihood would provide a better assessment of 
number of clusters (Gilbert, 2016).  
 After population admixture was inferred, we estimated nuclear population 
divergence between five individuals from the northernmost and five individuals 
from the southernmost part of the sampling, farthest away from the contact zones. 
These individualsw were also chosen for having the lowest amount of admixture 
from the alternate population. We measured FST by estimating the two-dimensional 
site frequency spectrum (2DSFS) from the unlinked SNPs, then extracted the 
statistic using ANGSD. To estimate DXY and DA we used all SNPs within each RAD 
locus. We estimated the allele frequencies using ANGSD which we used to calculate 
DXY. We then estimated the nucleotide diversity (π) for each population and 
calculated DA from DXY. Where available, we used individuals away from the contact 
zones as defined by the geography in this study (Peñalba et al., 2017; Figure S2). We 




Admixture cline analyses 
 For the clinal analyses, we retained the highest level clustering (K=2) and 
ancestry proportions (Q) from the NGSADMIX runs following that of previous studies 
(Baldassarre et al. 2014, Gowen et al. 2014, Singhal & Moritz 2013). Although there 
may be additional population substructuring, we only focus on the introgression 
between the highest level division and thus restricted our analysis to K=2. For 
simplicity and to be able to compare cline properties between the different contact 
zones, we inferred parameters assuming a sigmoidal cline for all contacts. Since all 
species are small insectivorous passerines, intrinsic dispersal distances between 
system are similar (~1 km, Australian Bird and Bat Banding Scheme database, 
accessed 9 September 2017). Given that we only had a few individuals from each 
locality instead of the intensive sampling typical of clinal studies we used admixture 
proportions for each individual for the admixture cline instead of clines of 
individual SNP frequencies. Additionally, the sampling is such that we are unable to 
precisely estimate cline shape so latitude was used as a proxy for estimating cline 
widths. For each geographic cline, we used HZAR and ran five replicates with 
different starting values and estimated the cline center, cline widths, and the 
associated likelihood uncertainty (Derryberry, Derryberry, Maley, & Brumfield, 
2014). Though cline estimates from admixture proportions may be atypical, we 
followed the procedures of Baldassarre et al. (2014) to use the distribution of 
proportions as a proxy for the rate of transition from one gene pool to another. 
 
Association with cline width 
 As an initial attempt to infer the rate at which the cline width decreases with 
increasing nuclear divergence between allopatric populations, we compared a linear 
decay with a negative exponential decay model. To be able to compare between 
systems, we made the broad assumption that each contact zone is in drift-selection-
migration equilibrium. We note that violation of this assumption from individual 
systems would result in noise but violation from an unbiased subset of systems may 
lead to biased rate of decreasing cline width. As the cline width should 
assymptotically approach a minimum close to 0 after the decay, the last two points 
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were excluded to infer the rate early in divergence when cline width is still changing. 
We used linear regression in R v.3.2.2 stats for cline width ~ DA (linear) and 
log(cline width) ~ DA (negative exponential). We then used AIC, BIC, and log 
likelihood to compare the fit of the two models. We did not use the sample corrected 
AICc because both models had the same number of parameters (slope and intercept) 
and will not make a difference from AIC. 
 After initial characterization of change in cline width with divergence, we 
tested whether this can be influenced by the effect of habitat on range shape. To 
compare the relationship between cline width and range width, we used a simple 
measure of range width by calculating the distance between the two farthest 
occurrence records within the same latitude. This continuous measure serves a 
proxy for variation in habitat use which may influence opportunity of gene flow 
across the contact zones. Occurrence records were downloaded from the Atlas of 
Living Australia (https://www.ala.org.au/ accessed Sept 2, 2017) and filtered for 
points associated with a vouchered specimen. The kilometer distance between the 
farthest two points within the same latitude was calculated using the 
hzar.map.greatCircleDistance function within the HZAR package, the same function 
used to calculate the cline centers and widths in the clinal analyses. Only the points 
between 15-19° latitude were used as that range encompasses the contact zones 
where dispersal is most relevant. Finally, we compared the range widths with the 
cline widths using a linear regression. 
 
Results 
Reference genome assembly and ddRAD  
 The two reference genome assemblies sequenced using the 10X Genomics 
Chromium system yielded scaffold N50s larger than 1 Mb. The S. beccarii genome 
had an effective coverage of 23X, molecule length of 48 Kb, and scaffold N50 of 
2.13Mb while the G. fasciogularis genome had an effective coverage of 32x, molecule 
length of 44kb, and scaffold N50 of 7.69Mb. These statistics were provided by the 
SUPERNOVA assembly. The chromosome-scale draft genome of M. cyaneus we used 
to assign autosomes had a superscaffold N50 of  68Mb (see Chapter 4). After the 
filtering described above, the number of SNPs retained for each system is presented 
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in Table 1. The SNPs ranged from 4 239 (M. obscura) to 34 346 (Sericornis beccarri x 
magnirostris).  
Table 1. Final number of SNPs used for admixture analysis and population genetic 
statistrics after filtering using ANGSD.  
 
Species Autosomal SNPs  
  
Gavicalis versicolor x fasciogularis 6 650 
Gerygone olivacea 10 980 
Gerygone palpebrosa 7 930 
Malurus melanocephalus 6 317 
Meliphaga notata 6 590 
Melithreptus albogularis 9 158 
Microptilotus gracilis 11 469 
Myzomela obscura 4 239 
Sericornis beccarri x magnirostris 34 364 
Xanthotis flaviventer x macleayanus 23 041 
 
Population structure 
 Under K = 2 clusters, the systems showed varying geographic extent of 
admixture (Figure 1). The geographic breaks at K = 2 coincided with known 
biogeographic barriers and the mitochondrial breaks of the same species described 
in (Peñalba et al., 2017). For subspecies with known plumage divergence, M. 
melanocephalus and G. palpebrosa, the nuclear contact zones match the phenotypic 
contact zones (Schodde & Mason, 1999). Full-species contact zones tend to have 
support for additional population substructuring away from the primary contact 
zone providing evidence for additional genetic heterogeneity (Figure S1-S2). 
Consistent with results from Peñalba et al. (2017), the levels of population 
divergence varied between different systems (FST ~0.14 - 0.51, DA ~ 0.17% - 0.89%, 
ND2 p-distance ~ 0.51% - 3.72%; Table 1). The Fst and DA estimates between 
allopatric populations, span the transition where the probability of gene flow 
decreases at a nonlinear rate. This in turn suggests that these taxon pairs span the 
continuum of speciation (Peñalba et al. submitted, Table 2). 
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Figure 1. Geographic sampling and admixture proportions across the suture zone. 














































































































Gavicalis fasciogularis x G. versicolor n = 38
Gerygone olivacea n = 29 Gerygone palpebrosa n = 35 Malurus melanocephalus n = 36
Meliphaga notata n = 27 Melithreptus albogularis
M. a. albogularis
M. a. inopinatus
Microptilotis gracilis n = 17n = 37
M. g. gracilis
M. g. imitatrix

















Table 2. Species sampled across the suture zones with associated divergence estimates, cline widths, and habitat. 
Cape York Peninsula form Central Queensland form 
ND2 
p-distance FST DA DXY 
Cline width 
(km) Habitat Family 
Gavicalis versicolor G. fasciogularis 0.0372 0.48 0.0068 0.0075 108 Mangrove Meliphagidae 
Gerygone olivacea cinarescens G. o. olivacea 0.0051 0.14 0.0017 0.0043 815 Eucalypt Woodland Acanthizidae 
Gerygone palpebrosa personata G. p. flavida 0.0062 0.20 0.0031 0.0051 378 Rainforest/ Mangrove Acanthizidae 
Malurus melanocephalus cruentatus M. m. melanocephalus 0.0082 0.21 0.0028 0.0062 543 Eucalypt Woodland Maluridae 
Meliphaga notata notata M. m. mixta 0.0042 0.32 0.0034 0.0045 151 Rainforest/ Mangrove Meliphagidae 
Melithreptus albogularis albogularis M. a. inopinatus 0.0140 0.22 0.0020 0.0031 232 Eucalypt Woodland Meliphagidae 
Microptilotis gracilis gracilis M. g. imitatrix 0.0280 0.39 0.0049 0.0062 7 Rainforest/ Mangrove Meliphagidae 
Myzomela obscura 0.0181 0.19 0.0029 0.0041 216 Rainforest/ Mangrove Meliphagidae 
Sericornis beccarri S. magnirostra 0.0221 0.41 0.0065 0.0089 80 Rainforest Acanthizidae 





 The cline widths varied substantially between 7 - 815 km, demonstrating that 
the difference in divergence levels are also accompanied by variation in the 
geographic extent of gene flow and admixture (Table 1, Figure 2). Geographic cline 
width decreased with relative nuclear divergence (FST and DA) and mitochondrial 
ND2 divergence but not with absolute nuclear divergence, (DXY) (Figure 3, 
supplementary Figure S5). Net nuclear divergence (DA) and cline width is highly 
correlated (Spearman rank correlation, ρ = -0.89, p = 0.00138) while mitochondrial 
divergence (ND2 p-distance) with cline width is less so (Spearman rank correlation 
ρ = -0.71, p = 0.02751). Model selection shows greater support for a negative 
exponential decrease in cline width in lower levels of divergence (Table 2, ΔAIC = 
83.75). This lends greater support to models describing a rapid decrease in 
probability of gene flow through divergence (Orr, 1995; Roux et al., 2016; 
Yamaguchi & Iwasa, 2017).  
 
 
Figure 2. Cline widths of the admixture proportions estimated using HZAR. All the 




Cline width and range width 
Geographic cline width is positively correlated with range width around the contact 
zone (linear regression p = 0.002922, adjusted R2 = 0.6511, slope = 0.9066, intercept 
= 32.9324). This correlation is consistent with models proposing that one-
dimensional ranges (as in the rainforests and mangroves) would have more spatial 
autocorrelation than two-dimensional ranges (as in the more widespread woodland) 
in this region (Kimura & Weiss, 1964). Furthermore, the cline width increases with 
range width even within the rainforest and mangrove species supporting the theories 
regarding change in range shape influencing spatial autocorrelation (Figure 3; 
Wilkins, 2004). Habitat is shown to be correlated with cline width (Kruskal-Wallis 
rank sum test Χ2 = 4.69, df = 1, p = 0.0303) and have an even stronger correlation 
with range width (Kruskal-Wallis rank sum test, Χ2 = 5.7273, df = 1, p-value = 
0.0167). Though, our previous study with additional species found no correlation 




Figure 3. Plots of the change in cline width in relation to relative nuclear divergence 
(DA) and range width. The exponential decay model was plotted against the 
divergence while the linear regression was plotted against the range width. The error 
bars indicate the confidence intervals of the estimatesw while the grey shading 
indicates the 95% confidence interval of the regression models. 
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Table 2. Alternative models to describe the decay of cline width with increasing 
divergence and associated likelihood measures. 
Model Formula AIC BIC Log likelihood P 
Linear Cline width ~ Da 110.15 110.39 -52.07 (df = 3) 0.03277 
Negative exponential Log(cline width) ~ Da 26.24 26.48 -10.12 (df = 3) 0.02102 
 
Discussion 
 By measuring divergence and the geographic extent of introgression across 
ten codistributed contact zones, we find a nonlinear decrease in cline width 
associated with increasing nuclear divergence. This variation may be associated with 
the linear relationship between cline width and range width, a continuous proxy for 
habitat association. Narrower clines are associated with higher divergence and a 
more restricted extent of introgression resulting in a stronger barrier to gene flow, 
while wider clines, in contrast, tend to be associated with lower divergence and 
wider clines. Given similar inherent dispersal distances of the species in this study, 
this result is consistent with expectations as to how spatial autocorrelation should 
increase as one goes from two- to one-dimensional systems and as ranges narrow 
(Barton & Wilson, 1995; Felsenstein, 2015; Kimura & Weiss, 1964; Wilkins, 2004). 
Shifting from one to two dimensions increases the number of neighboring demes 
across a lattice or metapopulation. It is important to note that these models are 
based on neutral diffusion and primary divergence. Additionally, since range width 
here serves as a proxy for habitat use, it is difficult to differentiate between range 
shape, the role of habitat, or simply orientation of the hybrid zone as the main factor 
driving this pattern. More work is necessary to disentangle the potential effects of 
these key factors.  
 The geographic extent of introgression across these contact zones decreases 
exponentially with increasing divergence of the allopatric populations. This decrease 
approaches a minimum cline width at nuclear divergence, DA, range of ~ 0.0035-
0.0045 (Figure 3). Additional data from hybrid zones of other species would help 
narrow down this range as none of our comparisons fell between these divergence 
levels. Mitochondrial divergence, although still correlated, does not predict cline 
width as well as nuclear divergence (Singhal & Moritz, 2013). The DA range 
	  126	  
described in Peñalba et al. (submitted) where there is a rapid “snowballing” 
transition from high to low likelihood of gene flow among allopatric lineages (DA ~ 
0.001-0.0015, precedes this decrease in cline width associated with lower divergence 
levels in our data (Figure 3). Beyond this point of divergence, introgression becomes 
more geographically restricted, which is likely why we recover low probability of 
gene flow between the most allopatric parental populations. Our broad study of ten 
contact zones across a suture zone lend additional support for a nonlinear decrease 
in gene flow with increasing neutral divergence particularly in more parapatric 
populations (Yamaguchi & Iwasa, 2017).  
 Winger and Bates (2015) demonstrated that higher plumage divergence is 
correlated with higher genome divergence through speciation of birds. The 
nonlinear decrease we find in this study is not predicted by the variation in plumage 
divergence in our system. Plumage divergence can lead to restricted gene flow, 
reinforcement if preceded by a period of allopatry, higher divergence or 
asymmetrical gene flow with a decrease of divergence and invasion of one genome 
into another (Liou & Price, 1994; Mallet, 2005; Rheindt & Edwards, 2011). 
Superficially, this system may not strictly follow predictions based on (Winger & 
Bates, 2015). Within the rainforest and mangrove-associated species some with no 
obvious plumage divergence, Microptilotis gracilis and Meliphaga notata, show very 
restricted gene flow while others with more obvious plumage diverge, Gerygone 
palpebrosa and Sericornis spp., show evidence of broader introgression. Previous 
behavioural studies of M. melanocephalus have shown this to be the case for this 
species (Baldassarre & Webster, 2013; Baldassarre et al., 2014). Quantitative 
measures of plumage divergence and associated plumage clines would help elucidate 
the role of sexual selection in divergence and gene flow by comparing it to the 
geographic clines from the genome data. The influence of plumage divergence on 
introgression may be more complex and requires further investigation in this 
system. 
 The previously described biogeographical barriers superficially match the 
cline centers across these species (Ford, 1987; Keast, 1961; Peñalba et al., 2017). 
Rainforest and mangrove associated birds tend to have cline centers coinciding with 
the Torresian barrier or the Burdekin gap while the woodland birds tend to be more 
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associated with the Einasleigh Uplands. Both the Torresian and Burdekin barriers 
are drier regions and limit suitable habitat for the relevant bird species. The various 
concordance and discordance to existing barriers should be further tested and 
investrigated to see what the key factors that drive this variation.  
 It is important to note that the geographic extent of gene flow, as we describe 
here, does not immediately translate to degree of reproductive isolation in sympatry. 
Denser sampling through the contact zones, particularly in the Torresian Barrier, 
would provide a better idea of the extent of reproductive isolation between abutting 
species or subspecies and the influence of the associated barrier (Barton & Hewitt 
1985). Steep clines as we see here can form due to environmental ecotones and lower 
population density in the contact zone and not necessarily due to selection or 
isolation (Endler, 1977). On the other hand, if genetic exchange is restricted to a 
small contact region, populations away from the contact zones may diverge and 
accumulate reproductive isolating mechanisms that, in turn, may trickle back to the 
contact zone (Liou & Price, 1994). Empirical studies specifically characterizing the 
interaction between the geographic extent of gene flow, reproductive isolation in 
sympatry, and divergence would be of great benefit to testing speciation theory. 
Variation of divergence across the genome has been attributed to both 
differential introgression and genome architecture (Burri, 2017; Payseur, 2010). 
Species-specific reference genomes and denser sampling would help elucidate 
whether this rapid transition is due to selection for increasing linkage disequilibrium 
to reduce gene flow across the genome or an artifact of linked and balancing 
selection (Guerrero & Hahn, 2017; Ravinet et al., 2017; Wang, Street, Scofield, & 
Ingvarsson, 2016; Wu, 2001). Using reference genomes will allow inference of which 
genomic regions were inherited from a common ancestor of currently hybridizing 
populations. Further, reference genomes can also be used to estimate the timing of 
secondary contact. This will help differentiate between divergence that accumulated 
during allopatry or after contact (Barton, Etheridge, Kelleher, & Véber, 2013; 
Ringbauer, Coop, & Barton, 2017; Sedghifar, Brandvain, & Ralph, 2016). Lastly, 
being able to compare clines of the Z chromosome and autosomes may help provide 
further insight to reproductive isolation and the potential role of sexual conflict in 
speciation (Carling & Brumfield, 2008).  
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This initial sparse sampling across these 10 contact zones sets the framework 
for a more intensive sampling for these and additional localites through this suture 
zone. This intensive sampling can overcome some limitations of this data. 
Additional individuals per locality would allow for classic clinal analyses using allele 
frequencies per locality instead of admixture proportion of a representative 
individual. This would make the link to classic clinal theory and comparison to 
expectations much stronger. Additionally, simulations of alternative scenarios (such 
as incomplete lineage sorting and isolation-by-distance) may help reconstruct better 
estimates of history. Sampling additional localities would provide information 
regarding the orientation of the hybrid zone and provide better estimates of cline 
shape (step vs. sigmoidal) and width. This would allow us to see how these features 
correlate change with increasing divergence of parental populations. Lastly, 
sampling additional species in the suture zone would allow us to better estimate the 
rate at which cline width decreases with increasing divergence of allopatric 
populations. While the present study may have limitations due to sampling, it 
provides the necessary background to explore each contact zone more intensively.  
Genome divergence during speciation is influenced by the interplay of gene 
flow, drift, and selection. These forces act in the contexts of ecology, geography, and 
genome architecture. Broad comparative studies of co-distributed populations at 
different stages of speciation can help unravel how these forces influence supposedly 
neutral divergence and how it leads to reproductive isolation and speciation develop. 
Here we have highlighted the importance of geographic context in introgression. We 
provide further empirical evidence demonstrating a rapid decrease in gene flow with 
increasing divergence. Studies across suture zones will continue to be invaluable in 
understanding the speciation process. Only by understanding the shared influence 
of different drivers and contexts on divergence can we fully comprehend the 
complexity of the speciation process. 
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Table S1. Tissue samples from the Australian National Wildlife Collection with 
associated coordinates. 
 
Species ANWC Voucher Latitude Longitude 
    
Gavicalis fasciogularis B57006 -19.26288 146.83613 
Gavicalis fasciogularis B29011 -19.275 146.85 
Gavicalis fasciogularis B29009 -19.275 146.85 
Gavicalis fasciogularis B29010 -19.275 146.85 
Gavicalis fasciogularis B56984 -19.38563 147.00829 
Gavicalis fasciogularis B56985 -19.38563 147.00829 
Gavicalis fasciogularis B31241 -19.4333 147.1167 
Gavicalis fasciogularis B57002 -19.46197 147.48613 
Gavicalis fasciogularis B57003 -19.46197 147.48613 
Gavicalis fasciogularis B28780 -19.7361 147.5553 
Gavicalis fasciogularis B31207 -19.7361 147.5553 
Gavicalis fasciogularis B28774 -19.8203 147.6681 
Gavicalis fasciogularis B28775 -19.8203 147.6681 
Gavicalis fasciogularis B31191 -19.8203 147.6681 
Gavicalis fasciogularis B31193 -19.8203 147.6681 
Gavicalis fasciogularis B31192 -19.8203 147.6681 
Gavicalis fasciogularis B57004 -20.05277 148.23509 
Gavicalis fasciogularis B57005 -20.05277 148.23509 
Gavicalis fasciogularis B31130 -20.9078 148.8422 
Gavicalis fasciogularis B28770 -20.9078 148.8422 
Gavicalis fasciogularis B31129 -20.9078 148.8422 
Gavicalis fasciogularis B31131 -20.9078 148.8422 
Gavicalis fasciogularis B28769 -20.9078 148.8422 
Gavicalis fasciogularis B43749 -22.6022 150.6839 
Gavicalis fasciogularis B43736 -22.6458 150.7294 
Gavicalis fasciogularis B43737 -22.6458 150.7294 
Gavicalis fasciogularis B43726 -22.6458 150.7294 
Gavicalis versicolor B57379 -12.5984 143.40823 
Gavicalis versicolor B57380 -12.5984 143.40823 
Gavicalis versicolor B57381 -12.5984 143.40823 
Gavicalis versicolor B31368 -16.2833 145.4167 
Gavicalis versicolor B31366 -16.2833 145.4167 
Gavicalis versicolor B57597 -16.88396 145.76124 
Gavicalis versicolor B57598 -16.88396 145.76124 
Gavicalis versicolor B31343 -18.2697 146.0342 
Gavicalis versicolor B31344 -18.2697 146.0342 
Gavicalis versicolor B31345 -18.2697 146.0342 
Gavicalis versicolor B57007 -19.24177 146.79853 
    
Gerygone olivacea B29841 -12.4794 141.8633 
Gerygone olivacea B57482 -14.06279 142.62188 
Gerygone olivacea B39979 -14.1 143.4667 
Gerygone olivacea B57412 -14.1809 142.63632 
Gerygone olivacea B57464 -14.1809 142.63632 
Gerygone olivacea B51388 -14.5681 144.1964 
Gerygone olivacea B39978 -14.8833 143.5167 
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Gerygone olivacea B29917 -14.9639 143.5783 
Gerygone olivacea B51751 -15.5558 141.7994 
Gerygone olivacea B51752 -15.5558 141.7994 
Gerygone olivacea B49032 -15.5956 143.9597 
Gerygone olivacea B49033 -15.5956 143.9597 
Gerygone olivacea B29708 -15.6997 143.5675 
Gerygone olivacea B29677 -16.1964 141.4689 
Gerygone olivacea B57527 -16.34678 143.05797 
Gerygone olivacea B57549 -16.34678 143.05797 
Gerygone olivacea B29603 -17.4375 140.8461 
Gerygone olivacea B29554 -17.4406 140.8556 
Gerygone olivacea B29555 -17.4406 140.8556 
Gerygone olivacea B29547 -17.5042 140.8406 
Gerygone olivacea B29548 -17.5042 140.8406 
Gerygone olivacea B41648 -17.8667 141.1333 
Gerygone olivacea B56858 -18.72939 144.31285 
Gerygone olivacea B56978 -19.65755 146.83453 
Gerygone olivacea B43173 -20.7417 145.1417 
Gerygone olivacea B41441 -21.2 148.5 
Gerygone olivacea B39412 -22.1667 148.5 
Gerygone olivacea B43783 -22.7819 150.2931 
Gerygone olivacea B43784 -22.7819 150.2931 
    
Gerygone palpebrosa B57104 -10.73394 142.50963 
Gerygone palpebrosa B57071 -10.74253 142.51471 
Gerygone palpebrosa B57072 -10.74253 142.51471 
Gerygone palpebrosa B57070 -10.76346 142.5092 
Gerygone palpebrosa B57206 -11.64674 142.72982 
Gerygone palpebrosa B57253 -12.00177 142.11528 
Gerygone palpebrosa B57387 -12.5984 143.40823 
Gerygone palpebrosa B29756 -12.8 141.9 
Gerygone palpebrosa B29870 -12.8167 141.9 
Gerygone palpebrosa B29873 -12.8167 141.9 
Gerygone palpebrosa B29871 -12.8167 141.9 
Gerygone palpebrosa B42987 -13.7 143.4528 
Gerygone palpebrosa B39697 -13.7 143.35 
Gerygone palpebrosa B39716 -13.7 143.35 
Gerygone palpebrosa B39761 -13.7 143.35 
Gerygone palpebrosa B42887 -13.775 143.5361 
Gerygone palpebrosa B42877 -13.8944 143.5889 
Gerygone palpebrosa B39786 -13.9333 143.4917 
Gerygone palpebrosa B39794 -13.9333 143.4917 
Gerygone palpebrosa B39795 -13.9333 143.4917 
Gerygone palpebrosa B39796 -13.9333 143.4917 
Gerygone palpebrosa B51389 -14.5681 144.1964 
Gerygone palpebrosa B51390 -14.5681 144.1964 
Gerygone palpebrosa B39986 -15.7333 145.25 
Gerygone palpebrosa B31521 -15.7583 145.2306 
Gerygone palpebrosa B49067 -15.8258 143.5583 
Gerygone palpebrosa B31387 -16.1639 145.3056 
Gerygone palpebrosa B57533 -16.34678 143.05797 
Gerygone palpebrosa B39634 -16.8167 145.3583 
Gerygone palpebrosa B39503 -17.9167 146.0833 
Gerygone palpebrosa B31324 -18.5997 146.2767 
Gerygone palpebrosa B31307 -18.9269 146.3183 
Gerygone palpebrosa B31284 -19.1572 146.6006 
Gerygone palpebrosa B56997 -19.39075 146.99714 
Gerygone palpebrosa B55835 -19.65759 146.83524 
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Malurus melanocephalus B57159 -10.94071 142.44616 
Malurus melanocephalus B57160 -10.94071 142.44616 
Malurus melanocephalus B57259 -11.89956 142.1871 
Malurus melanocephalus B57260 -11.89956 142.1871 
Malurus melanocephalus B57037 -12.0534 142.65054 
Malurus melanocephalus B51573 -13.0908 142.0953 
Malurus melanocephalus B29906 -13.8464 143.1453 
Malurus melanocephalus B57470 -14.1809 142.63632 
Malurus melanocephalus B57471 -14.1809 142.63632 
Malurus melanocephalus B51387 -14.5681 144.1964 
Malurus melanocephalus B51665 -15.5558 141.7994 
Malurus melanocephalus B51666 -15.5558 141.7994 
Malurus melanocephalus B57545 -16.34678 143.05797 
Malurus melanocephalus B41567 -17.3 145.5667 
Malurus melanocephalus B29516 -17.4375 140.8461 
Malurus melanocephalus B52742 -17.4628 145.3956 
Malurus melanocephalus B52743 -17.4628 145.3956 
Malurus melanocephalus B29594 -17.4722 141.1922 
Malurus melanocephalus B29592 -17.4722 141.1922 
Malurus melanocephalus B49079 -17.4925 145.3442 
Malurus melanocephalus B29510 -17.5042 140.8406 
Malurus melanocephalus B29498 -17.5433 140.8011 
Malurus melanocephalus B56890 -18.19068 143.34458 
Malurus melanocephalus B56891 -18.19068 143.34458 
Malurus melanocephalus B34977 -19.2203 146.7672 
Malurus melanocephalus B56969 -19.65755 146.83453 
Malurus melanocephalus B56970 -19.65755 146.83453 
Malurus melanocephalus B56971 -19.65755 146.83453 
Malurus melanocephalus B56972 -19.65755 146.83453 
Malurus melanocephalus B31148 -20.9078 148.8422 
Malurus melanocephalus B31147 -20.9078 148.8422 
Malurus melanocephalus B32098 -20.95 148.8472 
Malurus melanocephalus B43181 -21.4667 146.7083 
Malurus melanocephalus B43687 -22.5908 150.7047 
Malurus melanocephalus B44268 -22.6542 150.7792 
Malurus melanocephalus B41884 -23.2667 150.4333 
    
Meliphaga notata B57051 -10.73054 142.51687 
Meliphaga notata B57058 -10.73054 142.51687 
Meliphaga notata B57081 -10.73054 142.51687 
Meliphaga notata B57084 -10.73054 142.51687 
Meliphaga notata B57183 -11.68861 142.70004 
Meliphaga notata B57197 -11.68861 142.70004 
Meliphaga notata B57382 -12.5984 143.40823 
Meliphaga notata B57383 -12.5984 143.40823 
Meliphaga notata B42921 -13.55 143.5389 
Meliphaga notata B42931 -13.825 143.4611 
Meliphaga notata B42930 -13.825 143.4611 
Meliphaga notata B28827 -15.4989 145.2722 
Meliphaga notata B28824 -15.4989 145.2722 
Meliphaga notata B31427 -15.4989 145.2722 
Meliphaga notata B31428 -15.4989 145.2722 
Meliphaga notata B28829 -15.5167 145.2167 
Meliphaga notata B31517 -15.705 145.2517 
Meliphaga notata B31531 -15.7583 145.225 
Meliphaga notata B31532 -15.7583 145.225 
Meliphaga notata B31385 -16.1639 145.3056 
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Meliphaga notata B31386 -16.1639 145.3056 
Meliphaga notata B28807 -18.7342 146.1403 
Meliphaga notata B31300 -18.9269 146.3183 
Meliphaga notata B28804 -18.9269 146.3183 
Meliphaga notata B31299 -18.9269 146.3183 
Meliphaga notata B31293 -18.9269 146.3183 
Meliphaga notata B28797 -19.3928 146.9942 
    
Melithreptus albogularis B57043 -10.73054 142.51687 
Melithreptus albogularis B57226 -11.90686 142.18051 
Melithreptus albogularis B29739 -11.99 141.8689 
Melithreptus albogularis B57031 -12.0534 142.65054 
Melithreptus albogularis B57032 -12.0534 142.65054 
Melithreptus albogularis B57033 -12.0534 142.65054 
Melithreptus albogularis B32720 -12.1756 141.8964 
Melithreptus albogularis B32717 -12.4258 142.0439 
Melithreptus albogularis B51511 -13.0019 142.0583 
Melithreptus albogularis B51581 -13.0681 141.975 
Melithreptus albogularis B43008 -13.6944 143.525 
Melithreptus albogularis B43103 -13.8222 143.4611 
Melithreptus albogularis B43070 -13.8417 143.4611 
Melithreptus albogularis B43090 -13.8417 143.4611 
Melithreptus albogularis B29715 -13.8464 143.1453 
Melithreptus albogularis B32143 -14.1317 143.2733 
Melithreptus albogularis B57416 -14.1809 142.63632 
Melithreptus albogularis B51423 -14.305 144.2236 
Melithreptus albogularis B51472 -14.6244 144.245 
Melithreptus albogularis B51482 -14.6244 144.245 
Melithreptus albogularis B32178 -15.4203 144.1842 
Melithreptus albogularis B29710 -15.5858 143.9056 
Melithreptus albogularis B31530 -15.7583 145.225 
Melithreptus albogularis B57535 -16.34678 143.05797 
Melithreptus albogularis B28598 -17.4925 145.3442 
Melithreptus albogularis B43125 -17.5 145.2833 
Melithreptus albogularis B56000 -18.61753 144.76453 
Melithreptus albogularis B56863 -18.72939 144.31285 
Melithreptus albogularis B56864 -18.72939 144.31285 
Melithreptus albogularis B56877 -18.72939 144.31285 
Melithreptus albogularis B31310 -18.9269 146.3183 
Melithreptus albogularis B56952 -19.33474 145.83259 
Melithreptus albogularis B31140 -20.9078 148.8422 
Melithreptus albogularis B31115 -20.9264 148.8925 
Melithreptus albogularis B42850 -21.9 147.05 
Melithreptus albogularis B39410 -22.1667 148.5 
Melithreptus albogularis B31111 -22.1747 149.5072 
    
Microptilotis gracilis B57075 -10.74253 142.51471 
Microptilotis gracilis B57222 -11.68861 142.70004 
Microptilotis gracilis B29797 -11.98 141.8694 
Microptilotis gracilis B29770 -12.2194 141.8953 
Microptilotis gracilis B29768 -12.2194 141.8953 
Microptilotis gracilis B29724 -12.6908 141.8175 
Microptilotis gracilis B51513 -13.0681 141.975 
Microptilotis gracilis B51564 -13.0908 142.0953 
Microptilotis gracilis B43088 -13.8417 143.4611 
Microptilotis gracilis B43087 -13.8417 143.4611 
Microptilotis gracilis B31533 -15.7583 145.225 
Microptilotis gracilis B31534 -15.7583 145.225 
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Microptilotis gracilis B31399 -16.1011 145.3344 
Microptilotis gracilis B31400 -16.1011 145.3344 
Microptilotis gracilis B53106 -16.5944 145.3392 
Microptilotis gracilis B31342 -18.3269 146.045 
Microptilotis gracilis B31330 -18.7342 146.1403 
Microptilotis gracilis B31301 -18.9269 146.3183 
Microptilotis gracilis B31302 -18.9269 146.3183 
    
Myzomela obscura B57042 -10.73054 142.51687 
Myzomela obscura B57066 -10.73054 142.51687 
Myzomela obscura B57101 -10.73394 142.50963 
Myzomela obscura B57074 -10.74253 142.51471 
Myzomela obscura B57192 -11.64674 142.72982 
Myzomela obscura B57198 -11.64674 142.72982 
Myzomela obscura B57261 -11.89956 142.1871 
Myzomela obscura B51576 -13.0908 142.0953 
Myzomela obscura B57376 -13.11881 142.35109 
Myzomela obscura B42922 -13.55 143.5389 
Myzomela obscura B43018 -13.7583 143.4722 
Myzomela obscura B43004 -13.7806 143.4861 
Myzomela obscura B39800 -13.9333 143.4917 
Myzomela obscura B57440 -14.1809 142.63632 
Myzomela obscura B31472 -15.4372 145.1775 
Myzomela obscura B28823 -15.4989 145.2722 
Myzomela obscura B28831 -15.4989 145.2722 
Myzomela obscura B31426 -15.4989 145.2722 
Myzomela obscura B31414 -15.5114 145.2311 
Myzomela obscura B31553 -15.85 145.2167 
Myzomela obscura B31554 -15.85 145.2167 
Myzomela obscura B31401 -16.1011 145.3344 
Myzomela obscura B31402 -16.1011 145.3344 
Myzomela obscura B34647 -16.6167 145.3333 
Myzomela obscura B31349 -16.6825 145.5758 
Myzomela obscura B31341 -18.3269 146.045 
Myzomela obscura B41530 -19.2833 147.0333 
Myzomela obscura B41531 -19.2833 147.0333 
Myzomela obscura B31267 -19.3361 147.0975 
Myzomela obscura B56994 -19.39075 146.99714 
Myzomela obscura B56995 -19.39075 146.99714 
    
Sericornis beccarii B57079 -10.73054 142.51687 
Sericornis beccarii B57080 -10.73054 142.51687 
Sericornis beccarii B57082 -10.73054 142.51687 
Sericornis beccarii B57185 -11.64674 142.72982 
Sericornis beccarii B57186 -11.64674 142.72982 
Sericornis beccarii B57220 -11.64674 142.72982 
Sericornis beccarii B57221 -11.64674 142.72982 
Sericornis beccarii B57293 -12.17037 142.99844 
Sericornis magirostra B39720 -13.7 143.35 
Sericornis magirostra B39696 -13.7 143.35 
Sericornis magirostra B39730 -13.7 143.35 
Sericornis magirostra B39731 -13.7 143.35 
Sericornis magirostra B39728 -13.7 143.35 
Sericornis magirostra B39729 -13.7 143.35 
Sericornis magirostra B43002 -13.7806 143.5028 
Sericornis magirostra B39783 -13.9333 143.4917 
Sericornis magirostra B39855 -13.9333 143.4917 
Sericornis magirostra B39782 -13.9333 143.4917 
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Sericornis magirostra B31482 -15.4372 145.1775 
Sericornis magirostra B31431 -15.4989 145.2722 
Sericornis magirostra B31451 -15.4989 145.2722 
Sericornis magirostra B31453 -15.4989 145.2722 
Sericornis magirostra B39874 -15.7667 145.2667 
Sericornis magirostra B31541 -15.7917 145.2333 
Sericornis magirostra B31542 -15.7917 145.2333 
Sericornis magirostra B31565 -15.7917 145.2333 
Sericornis magirostra B53115 -16.5944 145.3392 
Sericornis magirostra B28842 -17.445 145.4753 
Sericornis magirostra B28840 -17.445 145.4753 
Sericornis magirostra B28841 -17.445 145.4753 
Sericornis magirostra B39495 -17.9167 146.0833 
Sericornis magirostra B39496 -17.9167 146.0833 
Sericornis magirostra B39459 -21.0333 148.5667 
Sericornis magirostra B39458 -21.0333 148.5667 
Sericornis magirostra B41419 -21.1 148.5222 
Sericornis magirostra B39398 -24.3583 150.9583 
Sericornis magnirostra B31464 -15.4989 145.2722 
    
Xanthotis flaviventer B57064 -10.73054 142.51687 
Xanthotis flaviventer B57078 -10.73054 142.51687 
Xanthotis flaviventer B57076 -10.74253 142.51471 
Xanthotis flaviventer B57165 -10.93268 142.52249 
Xanthotis flaviventer B57195 -11.64674 142.72982 
Xanthotis flaviventer B57196 -11.64674 142.72982 
Xanthotis flaviventer B57210 -11.64674 142.72982 
Xanthotis flaviventer B57248 -12.00177 142.11528 
Xanthotis flaviventer B32719 -12.1756 141.8964 
Xanthotis flaviventer B29785 -12.2667 141.9 
Xanthotis flaviventer B29783 -12.2667 141.9 
Xanthotis flaviventer B29784 -12.2667 141.9 
Xanthotis flaviventer B57386 -12.5984 143.40823 
Xanthotis flaviventer B29759 -12.8 141.9 
Xanthotis flaviventer B42980 -13.7194 143.4833 
Xanthotis flaviventer B42872 -13.825 143.4611 
Xanthotis flaviventer B42932 -13.825 143.4611 
Xanthotis flaviventer B43099 -13.8333 143.45 
Xanthotis macleayanus B31480 -15.4372 145.1775 
Xanthotis macleayanus B31429 -15.4989 145.2722 
Xanthotis macleayanus B31468 -15.4989 145.2722 
Xanthotis macleayanus B31512 -15.7139 145.2917 
Xanthotis macleayanus B31562 -15.7917 145.2333 
Xanthotis macleayanus B34451 -17.2667 145.4833 
Xanthotis macleayanus B32669 -17.35 145.6667 
Xanthotis macleayanus B31329 -18.7342 146.1403 
Xanthotis macleayanus B28808 -18.7342 146.1403 
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Supplementary figures 
 
Figure S1. Mitochondrial haplotype maps from sequence data collected in Peñalba et 
al. (2017). Blue, yellow, and green haplotypes represent Cape York Peninsula, central 
Queensland, and the contact zone, respectively.  
 
 
Gavicalis fasciogularis x 
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G. p. personata x
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M. m. melanocephalus 
M. n. notata x 
M. n. mixta
M. a. albogularis x 
M. a. inopinatus  
M. g. gracilis x 
M. g. imitatrix Myzomela obscura
Sericornis beccarii x
S. magnirostra




Figure S2. Population structure inferred from NGSADMIX v for K=2 to K=4. The 
proportions are a composite of 15 iterations of NGSADMIX and combined using 
CLUMPP. Individuals in the admixture plots are sorted by longitude and the 
associated samples are mapped on the adjacent maps.  
 
 
 Gavicalis versicolor x G. fasciogularis (n = 38) 
 
 Gerygone o. cinarescens x G. o. olivacea (n = 29) 
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 Malurus m. cruentatus x M. m. melanocephalus (n = 36) 
 
 Meliphaga n. notata x M. n. mixta (n = 27) 
 
 Melithreptus a. albogularis x M. a. inopinatus (n = 37) 
 

















































































































 Myzomela o. harteri (n = 31) 
 
 Sericornis beccarrii x Sericornis magnirostris (n = 37) 
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Figure S3. Plots of the mean likelihoods of 15 iterations of NGSADMIX runs from K = 
2 to K = 10. Larger increase of likelihood represents a significant improvement in the 
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Figure S4.  Cline width and centers are plotted adjacent to associated 
biogeographical barriers. All woodland birds tend to have cline centers associated 
with the Einasleigh Uplands while the rainforest and mangrove birds have their cline 




Figure S5. Cline widths are plotted against all different measures of population 
divergence. Relative measures of divergence (FST and DA) have the strongest 
correlation with cline width, followed by ND2 p-distance, while absolute nuclear 
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fairywren (Malurus cyaneus) genome provides 
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Chromosome-scale assembly of the superb fairywren (Malurus 
cyaneus) genome provides insight into the evolution of chromosomal 
inversions across the avian tree 




 Chromosomal rearrangements have been implicated as important drivers of 
adaptation and speciation in many species. The increasing availability of reference 
genome sequences has started to reveal the importance of a particular form of 
chromosomal rearrangement, inversions, in selection and speciation by reducing 
recombination between adaptive combinations of alleles. In birds, this has been of 
particular interest. Other types of rearrangements, such as translocations, are 
uncommon which provides an explanation for the high synteny of bird genomes. 
Characterizing the frequency and form of inversions requires chromosome-scale 
genome assemblies, which remain sparse across birds. To estimate the prevalence of 
inversions across the bird tree, we complemented existing chromosome-scale 
assemblies with a chromosome-scale assembly of the superb fairywren (Malurus 
cyaneus) which occupies a distinctive branch of the oscine passerines. Whole 
chromosome alignments of the macrochromosomes of eight avian genomes show a 
correlation between the number of inversions and the chromosome size. 
Furthermore, the Z chromosome is shown to be particularly rich with inversions 
relative to autosomes of similar size. Lastly, we show that more chromosomal 
inversions are fixed between oscine passerine clades relative to non-passerine clades. 
This suggests that the dynamics of chromosome rearrangements, and how they may 
facilitate divergence and speciation, may vary between the oscine passerines, which 







 Genomic architecture is a major component of variation in genome 
divergence. It provides the intrinsic, structural context in which different genomic 
regions may interact and respond to extrinsic forces such selection, drift, and gene 
flow. The term “genome architecture” can refer broadly to gene order along 
chromosomes, structural variation, and other genomic features such as centromeres, 
telomeres, or repeat elements. Ultimately, these features influence variation in 
recombination rate across the genome and consequently nucleotide diversity and 
divergence (Burri, 2017; Cruickshank & Hahn, 2014; Ravinet et al., 2017). Genomic 
architecture, then, may govern how selection affects both target genes and physically 
linked regions and whether gene flow affects small units or large blocks. 
Understanding the evolutionary dynamics of different features of genomic 
architecture and how they will lead to an improved understanding of the role they 
play in divergence, adaptation, speciation, and diversification (Potter et al., 2017).  
 Chromosomal inversions serve as an effective mechanism to reduce 
recombination in a localized region in the genome, occasionally coinciding with 
peaks in divergence (Kulathinal, Stevison, & Noor, 2009; Poelstra et al., 2014; 
Turner, Hahn, & Nuzhdin, 2005). If a chromosomal inversion appears in a 
population, individuals heterozygous for the inversion would see a localized 
suppression in recombination as it may disrupt chromosome alignment during 
meiosis (Kirkpatrick, 2010). If an inversion captures two alleles which are 
independently advantageous, selection would increase the frequency of the inversion 
in a population (Hoffmann & Rieseberg, 2008). Effectively, these inversions can 
serve as efficient barriers to gene flow if the allelic combinations within them are 
under differential selection between the two populations (Feder & Nosil, 2009; 
Hoffmann & Rieseberg, 2008). Although the presence of inversions alone may not 
immediately serve as barriers to gene flow  (Davey et al., 2017; Horn et al., 2012), the 
combination of inversions and the selective coefficients of alleles that reside within 
may facilitate divergence between populations with ongoing gene flow. 
 This reduction in recombination and gene flow underpin the importance of 
chromosomal inversions in speciation (Ayala, Ullastres, & González, 2014; Jones et 
al., 2012). Many studies have shown that the presence of inversions is correlated 
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with higher divergence or increased speciation rate (Bush, Case, Wilson, & Patton, 
1977; Navarro & Barton, 2003b). These inversions can link genes related to mate-
preference with those related to ecological selection resulting in what some call  
‘supergenes’ (Taylor & Campagna, 2016; Thompson & Jiggins, 2014), although this 
is a controversial concept because empirical data often only highlight one functional 
variant associated with the inversion. The importance of inversions in speciation, 
however, necessitates gene flow between diverging populations as it serves as an 
intrinsic barrier to populations with limited to no prezygotic isolating mechanisms. 
Furthermore, epistatic interactions and genomic incompatibilities help select for 
reduced recombination and may eventually recruit the inversion to facilitate 
divergence between populations (Kirkpatrick & Barton, 2006; Navarro & Barton, 
2003a; Noor, Grams, Bertucci, & Reiland, 2001). A recent model proposed that 
inversions also may be involved in prezygotic isolation if a mating preference locus 
is captured with at least one locus involved in epistatic incompatibilities (Dagilis & 
Kirkpatrick, 2016). This would reduce the cost associated with matings leading to 
offspring with incompatible alleles. This model may be particularly pertinent in 
systems where postzygotic reproductive isolation is decoupled from speciation rates, 
such as in birds (Rabosky & Matute, 2013) 
 Interest in chromosomal inversions in birds is growing. Recent studies have 
shown that although the interchromosomal structure has been fairly conserved 
among birds, intrachromosomal rearrangements have been common (Ellegren, 
2010; Hooper & Price, 2015; Nanda, Benisch, Fetting, Haaf, & Schmid, 2011). 
Chromosomal inversions in birds have been implicated in maintaining phenotypic 
morphs of hybridizing crows (Poelstra et al., 2014), variation in mating strategies in 
ruffs (Lamichhaney et al., 2016), and affecting sperm morphology in zebra finches 
(Kim et al., 2017; Knief et al., 2017). Consistent with the requirement that gene flow 
is necessary for inversions to be relevant for speciation, sister species of birds with 
range overlap tend to have higher prevalence of fixed pericentric inversions 
compared to their allopatric counterparts (Hooper & Price, 2015, 2017). These 
previous studies have primarily focused on a particular species complex or coarse-
scale karyotype data. The growing resources of chromosome-scale reference 
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genomes can start to shed light on inversions inferred from sequence data on a 
broad scale (Damas et al., 2017; Laine et al., 2016; Warren et al., 2010, 2017). 
To address this, we leveraged existing chromosome-scale genome assemblies 
across the avian tree then sequenced and assembled a new chromosome-scale 
reference genome of the superb fairywren (Malurus cyaneus). The superb fairywren 
is a small, insectivorous bird in the oscine infraorder Meliphagides (Cracraft 2014) 
which has had no detailed genomic resources published. Found in southeastern 
Australia, the superb fairywren exhibits strong sexual dimorphism during the 
breeding season and has been a model system in studying the ecology of cooperative 
breeding systems (Cockburn et al. 2016). A multi-decade study of the superb 
fairywren population located in the Australian National Botanical Gardens, 
Canberra provide a well-sampled pedigree which can used to generate a linkage map 
and thereby assist with chromosome-scale genome assemblies. Existing genomic 
resources for passerines (Passeriformes) have been limited to species within the 
infraorder Passerides (Cracraft 2014). By sequencing a species from the Australasian 
endemic Meliphagides, we fill a phylogenetic gap spanning opposite ends of the 
oscine tree (diverged ~30-40 Mya). Complementary to the non-passerine Gallus 
gallus (Galliformes), Coturnix japonica (Galliformes), and Columba livia 
(Columbiformes) genomes, this set of passerine genomes sample multiple parts of 
the bird tree providing opportunity for a preliminary comparative study on 
chromosomal evolution in birds. With this we ask (1) are there chromosomal 
rearrangements unique to the superb fairywren at this level of sampling? (2) how do 
chromosomal inversions vary between the macrochromosomes and Z chromosome? 
and (3) how does the frequency of chromosomal inversions vary between oscine 
passerines (~47% of all bird species) and non-passerines? 
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Figure 1. Phylogeny of bird genomes stored in GenBank (accessed 24 Oct 2017) 
following (Jetz et al. 2012). Bars represent scaffold N50 from the GenBank assembly 
quality information. Dark blue bars and illustrations represent available 
chromosome-scale genomes while the light blue bars represent scaffold level 
assemblies. Assembly N50 could represent scaffolds or superscaffolds but the 
distinction is not currently available. Higher level taxonomy is highlighted in the 
phylogeny and the superb fairywren is labeled.  
 
Materials and Methods 
Genome sequencing 
 We chose a single female individual (ANWC:B45704) from the Flinders 
Island subspecies (M. cyaneus samueli) for whole genome sequencing. A 
microsatellite survey of M. cyaneus suggest that this population had low 
heterozygosity making it an ideal candidate for genome sequencing 
(Etemadmoghadam et al, unpublished data). We extracted the DNA from liver tissue 
using a standard salting out procedure. For small insert sizes, we prepared two range 
sizes centered at 250 bp and 500 bp using the Meyer & Kircher (2010) protocol. 
After the DNA was sheared using a BioRuptor (Diagenode), we used a double-sided 
bead size selection to obtain the correct insert size range. The 250bp library was 
sequenced using half a lane of an Illumina HiSeq 2500 (100 bp paired-end) and the 
















500bp library was sequenced using a lane of an Illumina MiSeq (300bp PE). For the 
mate-pair libraries, we prepared 3.5kb, 5.5kb, and 7.5kb insert sizes. Each library was 
sequenced using 1/6th of an Illumina HiSeq 2500 (100bp PE). For the single-
molecule long-read libraries, we sequenced across 27 SMRT cells on the PacBio RSII 
platform.  
 
Linkage map sampling and sequencing 
 We used the extensively sampled pedigree of a population of a different 
superb fairywren subspecies, M. cyaneus cyanochlamys, from the Australian 
National Botanical Garden for our mapping population. As males are extremely 
philopatric and male reproductive success is skewed in this population, the 
population consists of related males (Figure S1, Double et al. 2005). We chose 280 
individuals spanning three to nine generations of pedigree data. Paternity was 
previously confirmed using microsatellite data (Cockburn, unpublished data). We 
then sequenced 90 000 SNPs in  ~26 000 loci across the genome using the platform 
provided by Diversity Arrays Technology Pty Ltd (Canberra, ACT, Australia; Kilian 
et al. 2012). Both SNP discovery and genotyping were conducted using the Diversity 
Arrays Technology (DaRT).  
 
De novo genome assembly 
 The raw Illumina reads for both the shotgun and mate-pair libraries were 
trimmed and cleaned using the libngs toolkit 
(https://github.com/sylvainforet/libngs). The genome size was estimated using SGA 
preqc (Simpson, 2014). We then used the ALLPATHs assembler for the initial 
assembly and scaffolding of the shotgun and mate-pair Illumina reads (Butler et al., 
2008). Prior to incorporating them to the assembly, the PacBio reads were error-
corrected using the high-quality Illumina reads with the long-read error correction 
tool lordec (Salmela & Rivals, 2014). We then used the error-corrected PacBio data 
to upgrade the Illumina-only scaffolds by filling the gaps and extending the assembly 
using PBJelly (English et al., 2012). Lastly, we used LASTZ to map each of the 
scaffolds onto the zebrafinch genome assembly (taeGut3.2.4) and assigned each 
scaffold to a pseudochromosome (Harris, 2007, Warren et al. 2010). A flowchart of 
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 A genetic linkage map using a single SNP from each DaRT locus was 
constructed using CRI-MAP v. 2.503 (Green, Falls, & Crooks, 1990) as improved by 
Ian Evans and Jill Maddox and CRI-GEN, developed by Xuelu Liu and Michael 
Grosz (Monsanto, St. Louis, MO, USA). The DaRT sequences were initially assigned 
to pseudochromosomes by querying the labeled scaffolds using BLAST (Altschul, 
Gish, Miller, Myers, & Lipman, 1990). DaRT sequences that map to multiple 
locations or different DaRT sequences that map to the same location were omitted. 
A more detailed outline of the methods can be found in the supporting material. In 
brief, linkage groups were identified and confirmed using TWOPOINT and 
AUTOGROUP. Only SNPs associated to a linkage group were used for further 
analyses. We further filtered the data to no more than ten randomly chosen SNPs 
per scaffold for the anchoring and orienting of the scaffolds onto chromosomes. 
These SNPs were subjected to two iterations of mapping to generate a conservative 
framework map followed by a less conservative best order map. Multiple iterations 
of CRIMAP’s BUILD, FLIPS, and CHROMPIC functions were used to generate 
maps for each chromosome following that of Kawakami et al. (2014). The resulting 
best order map was used to upgrade the genome further. 
 
Upgrading the genome assembly to chromosomes 
 To finalize the draft of the genome, we used ALLMAPs which use the 
information of a linkage map to anchor and orient the scaffolds to each 
chromosome (Tang et al., 2015). The best order map and associated scaffolds for 
each chromosome were isolated separately and ALLMAPs upgraded the genome to 
chromosome-scale. Any chromosome fusions identified by the linkage groups and 
confirmed by the linkage maps were assembled together at this stage. 
 
Chromosomal inversion identification 
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 We compared the chromosomes 1-10 and chromosome Z of the superb 
fairywren to 8 existing chromosome-scale genome assemblies (see Results). We 
downloaded the assemblies for Gallus gallus (v. 5.0), Coturnix japonica (v. 2.0), 
Columba livia (v. 2), Taeniopygia guttata (v.3.2.4), Ficedula albicollis (v. 1.5), Parus 
major (v. 1.0.3), and Passer domesticus (v. 1.0) from GenBank. Chromosome 
assemblies for Meleagris gallopavo, Numida meleagris, and Falco peregrinus were 
omitted as they produced inconsistent results when finding anchors between 
genomes. F. peregrinus is known to have an unusual karyotype composed of many 
chromosomal fissions and fusions while the reasons for the inconsistent results from 
the other two species remain unclear (Nishida et al., 2008).  Each chromosome was 
aligned separately in a pairwise manner between each species pair using 
progressiveMauve with the default setting (Darling, Mau, & Perna, 2010). We then 
extracted the sequence anchors from the backbone file output of progressiveMauve 
and converted it as input for GRIMM (Tesler, 2002). We used GRIMM to group 
these anchors into syntenic blocks of minimum size of 50 kb with a gap size of 10 kb. 
Finally, we used MGR (Bourque & Pevzner, 2002) to infer rearrangements from the 
linearly aligned chromosomes. We did not attempt to infer any translocations as 




 The estimated genome size was 1.04 Gb from the 500bp library and 1.07 Gb 
from the 250 bp library from the sga QC using kmer frequencies. We use an estimate 
of 1.05 Gb for the following coverage measures. For the shotgun libraries we 
collected 16.57x coverage from the 250 bp library and 4.21x coverage of the 500bp 
library. For the mate-pair libraries we collected 1.28x from the 2.5kb library, 1.63x 
from the 4.5kb library, and 0.97x from the 7.5kb library. The Illumina data alone had 
covered the genome at 24.66x. The 27 CELLS of PacBio data resulted in 20x coverage 
of the genome. The final coverage of the de novo genome is 44.66x of hybrid short-
read and long-read data. From the DaRT sequencing, we recovered 65 254 SNPs in 
30 564 sequence loci.  
Draft assembly 
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 Statistics on the draft assembly before and after gap-filling can be found in 
Table 1. The N50 measure of assembly contiguity will be used instead of NG50 as we 
do not have an independent measure of genome size and the assembly size is 
approximately the same length as the SGA-estimated genome size. The Illumina-
only ALLPATHs assembly yielded a notably large scaffold N50 of 6.08 Mb with a 
marginal increase to 8.00 Mb when the PacBio data was added for gap-filling. On the 
other hand, there was a significant increase in contig N50 from 14.8Kb prior to gap-
filling to 464.7Kb after gap-filling. Additionally, 97,375 gaps or 85.7 Mb of sequences 
were closed with the PacBio data. The use of moderate coverage (20x) long-read data 
greatly improves genome assemblies when complemented by multiple Illumina 
libraries.  
 
Table 1. Assembly statistics before and after the addition of the long-read PacBio 
data. 
 
 Illumina only Illumina + PacBio gap filling 
 Contigs Scaffolds Gaps Contigs Scaffolds Gaps 
Sequences 116 604 5 832 110 772 18 114 4 723 13 391 
N50 14.8 Kb 6.08 Mb 2.4 Kb 464.7 Kb 8.00 Mb 4.3 Kb 
Total Length 903 Mb 1.01 Gb 113.2 Mb 1.03 Gb 1.05 Gb 27.5 Mb 
 
 In total, there were 4723 scaffolds in this initial assembly. Of these, 1598 were 
longer than 10 kb and 172 were longer than 1 Mb. These 172 scaffolds comprise 
928.1 Mb of the ~1.05 Gb genome. After aligning the draft superb fairywren genome 
to the zebrafinch genome, we recovered associated pseudochromosomes for 568 
scaffolds comprising ~1 Gb (~95%) of the total assembly length. These 
pseudochromosomes were used for initial sorting of DaRT loci for linkage analyses 
but misassigned scaffolds were identified using the linkage groups inferred from the 
analyses. The scaffolds were properly sorted and assigned to the correct 
chromosome after the linkage analysis.  
Linkage analysis 
 Of the 30 564 sequence loci recovered from the DaRT sequencing, 26 344 
(~86%) mapped uniquely onto 507 scaffolds (~1 Gb) of the draft assembly. From 
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that subset, 26 009 map to scaffolds associated to chromosomes and 335 map to 
scaffolds of unknown origin (Table S1). A conservative run of AUTOGROUP 
grouped loci into linkage groups with the lowest threshold of LOD > 10 (likelihood 
of odds) which means that the odds that the loci are linked is 1010 to one. We 
grouped 11 611 loci into 26 linkage groups. From this initial run, we found strong 
support for grouping zebrafinch chromosome 1B with 1, chromosome 19 with 2, 
and chromosome 26 with 5. Chromosomes 22, 25, and LGE22 only recovered a 
handful of loci and were omitted for the rest of the linkage analysis. We also checked 
for putative W chromosome loci by identifying loci which are consistently 
homozygous in all females and are missing in males. We recovered five potential W 
chromosome loci associated with 3 scaffolds (49 kb) which were previously 
unassociated with any of the zebra finch chromosomes. Due to the high repeat 
content, the W chromosome assembly necessitates more scrutiny beyond this initial 
assembly draft. 
 After filtering for a maximum of ten loci per scaffold, we were left with 1791 
loci to build the map. The framework map which was built by reducing the LOD 
threshold from 7, 5, to 3 retained 458 loci. The subsequent best order map was built 
by adding onto the framework map with a reduction in LOD threshold from 3, 2, to 
1. The best order map retained 686 loci which were associated with 232 scaffolds 
(Table S2). Support for the grouping of chromosome 19 with 2 and chromosome 26 
with 5 remained during the mapping stage providing evidence for chromosome 
fusions. One spans the fusion point between chromosome 19 and 2. Thusfar, none of 
the other chromosome-scale assemblies have evidence of these fusions. The lower 
number of chromosomes for the fairywren (2n = 72; Les Christidis unpublished 
data) relative to other birds support fusions in this clade. On the other hand, like 
other genome assemblies, there is no support for the zebrafinch chromosome 1B 
being a separate linkage group.  
Chromosome-scale assembly 
 The best order map was used to anchor and join the scaffolds into 
chromosome-scale superscaffolds. In total, 232 scaffolds (981 Mb) were anchored to 
25 autosomes and the Z chromosome. Of these, 169 (758 Mb) were properly 
oriented (Table S3, Figure S2). The final assembly comprises 4526 scaffolds and 
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superscaffolds with an N50 of 68.39 Mb. This is compared to the superscaffold N50 
of F. albocollis at 20.2 Mb (Kawakami et al. 2014). Of this final subset, 1598 scaffolds 
are longer than 10kb (~1.04 Gb) and 172 scaffolds are longer than 1 Mb (~ 1 Gb) of 
the genome. Comparison to existing chromosome level assembly of other birds can 
be found in Table 2 and Figure 1. The quality of the chromosome level assembly is 
comparable to the other existing assemblies. 
 
Table 2. Quality comparison of superb fairywren chromosome-scale genome 
assembly and of the existing chromosome-scale genomes.  
 





5.0 1.23 Gb 36 23,870 24,693 6.3 Mb 2.8 Mb 
Meleagris 
gallopavo 
5.0 1.12 Gb 32 233,806 296,331 3.8 Mb 26.6 Kb 
Coturnix japonica 2.0 927 Mb 33 2531 9642 2.9 Mb 511 Kb 
Numida meleagris 1.0 1.04 Gb 32 2739 16,014 7.8 Mb 234.9 Kb 
Falco peregrinus 2.0 1.12 Gb 19 72 472 26.7 Mb 4 Mb 
Columba livia 2.0 1.01 Gb 29 91 77,053 24.5 Mb 27 Kb 
Malurus cyaneus 1.0 1.05 Gb 26 4723 18,114 8 Mb 464.7 Kb 
Taeniopygia 
guttata 
3.2.4 1.23 Gb 36 37,422 124,806 8.2 Mb 38.6 Kb 
Ficedula albicollis 1.5 1.11 Gb 34 21,836 30,843 6.5 Mb 410 Kb 
Parus major 1.1 1.02 Gb 33 1675 24,044 71.3 Mb 148.6 Kb 
Passer domesticus 1.0 1.04 Gb 31 2571 5329 6.3 Mb 51.4 Kb 
 
Chromosomal inversions across the avian tree 
The new chromosome level assembly allowed us to infer large inversions 
relative to other assembled genomes with chromosomes. This analysis was limited to 
the largest chromosomes because synteny has mostly only been confirmed in the 
large macrochromosomes. Pairwise alignments of the first 10 macrochromosomes 
and the Z chromosome had consistently recovered anchor points between closely 
related and distantly related pairs allowing for unbiased comparisons. Furthermore, 
relaxing the parameter regarding gap size between anchor points produced marginal 
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change in the number of inferred macroinversions so the consistent 10 kb gap size 
was chosen.  
Comparison with chromosome size as inferred from the G. gallus genome 
shows a linear relationship between chromosome size and average number of 
inversions across all pairwise comparisons. Since there were two documented fission 
events in the node of the passerine tree, chromosome 1A was appended to 1 and 4A 
appended to 4 to allow for comparison between the oscines and the non-passerines. 
Other fusions between macro- and microchromosomes were ignored as not enough 
data were available regarding their consistency among exiting assemblies. 
Unsurprisingly, the Z chromosome presents as an outlier by having more inversions 
than other chromosomes of comparable size (Figure 2).  
 
 
Figure 2. Relationship between average number of inversions across all avian taxa 
and the size of the chromosome.  
 
On average, non-passerines have far fewer chromosomal inversions between 
clades compared to the oscine passerines (Figure 3, Figure S3). Chromosome 10 
seems to be the only exception based on our sampling. The average number of 
inversions among non-passerines seems to be consistent for all chromosomes, even 
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hand, seem to be correlated with chromosome size for the autosomes, the Z 
chromosome being the outlier. Despite the emphasis on the importance of 
chromosomal inversions in avian speciation, dynamics of chromosomal 
rearrangements between oscine passerines, or passerines as a whole, relative to all 
other birds may be different.  
 
 
Figure 3. (a) A heatmap showing the amount of chromosomal inversions between 
pairwise comparisons of all autosomes. Chromosomes 6 and 7 were omitted from 
this as the data for C. livia were limited. Darker blue represents more chromosomal 
inversions separating the pair. The bold black square indicates the comparison 
among non-passerines. (b) Variation in the chromosomes and number of inversions 
between oscines and non-passerines (c) Variation in the number of inversions per 
sequence length (Mb) between oscines and non-passerines derived from the Gallus 





















































 The newly assembled, chromosome-scale genome of superb fairywren filled a 
phylogenetic gap in existing chromosome-scale genome assemblies in birds. 
Although more than 100 genomes across the bird phylogeny has been sequenced, 
currently only ten are of chromosome level and they are sparsely distributed across 
the tree (Figure 1). Many non-passerine clades and the suboscines remain 
unrepresented in this reference set. Despite this, the assembled genome of the superb 
fairywren from the Australasian Meliphagides clade has allowed us to explore the 
dynamics of chromosomal rearrangements in birds, revealing the prevalence of 
chromosomal inversions across different chromosomes and between oscine 
passerines and non-passerines clades.  
Chromosomal evolution 
 The superb fairywren genome provides evidence for two chromosomal 
fusions: chromosome 19 to 2 and chromosome 26 to 5 (based on the G. gallus 
chromosome nomenclature). As these chromosomes have not been shown to have 
fused in other passerines, it is likely that these fusions are derived in the superb 
fairywren lineage and possibly deeper within Meliphagides. The slightly fewer 
chromosomes in the fairywren genome (2n = 72 vs. 80) compared to other passerine 
genomes hint at other potential fusions. Although the macrochromosomes have 
been shown to be fairly conserved with high synteny across birds (Ellegren, 2010; 
Nanda et al., 2011) more can be learned from the dynamism of the 
microchomosomes. These chromosomes have been proposed to contain 50% of all 
avian genes and have characteristically high recombination rates (Burt, 2002). The 
translocation dynamics of the microchromosomes may prove to be important for 
adaptation and speciation. They could provide a mechanism that physically links 
new gene combinations or unlinks maladaptive combinations, consequently 
changing local landscapes of recombination. Although some karyotypic studies 
using FISH and chromosome staining have already been carried out, little has been 
done at the genomic sequence level (Nanda et al., 2011; Nishida et al., 2008). A more 
extensive study of the consequences of these fusions on gene evolution and 
recombination in these regions is warranted.  
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 These results have revealed evidence for variation in the rate of chromosomal 
inversions between chromosomes. Firstly, our results provide support for the 
growing evidence of more chromosomal inversions in the Z chromosome compared 
to the autosomes (Hooper & Price, 2017; Kawakami et al., 2014). This is of particular 
importance for speciation as the Z chromosome contains genes important for 
reproduction and it has been shown that inversions have influenced some of these 
traits (Kim et al., 2017; Knief et al., 2017; Lamichhaney et al., 2016). Additionally, 
Haldane’s rule emphasizes the role of the Z chromosome as an initial barrier to gene 
flow in hybridizing populations which coupled with inversions may help narrow 
clines and facilitate speciation (Carling & Brumfield, 2008). Lastly, the low 
recombination rate and faster evolving genes of the Z chromosome provide evidence 
for early divergence in the speciation process (Mank, Axelsson, & Ellegren, 2007; 
Mank, Nam, & Ellegren, 2010). It is important to note, however, that the Z 
chromosome is also highly enriched for repeat elements (Warren et al., 2017) 
compared to chromosomes of similar size and that a few particular repeat element 
families have been associated with breakpoints that flank chromosomal inversions 
(Farré et al., 2016; Skinner & Griffin, 2012). The Z chromosome, then, may be prone 
to both a higher prevalence of inversion polymorphism and higher likelihood of 
fixation either due to drift or selection. One caveat is that these repeat regions may 
result in spurious assemblies which can also inflate the numbers of inferred 
inversions but an extensive study using karytope data from passerine birds also 
arrive to the same observation through data not confounded by assembly errors 
(Hooper & Price, 2017).  
 The second main result is the higher prevalence of chromosomal inversions 
in oscine passerines compared to non-passerines. Although our sampling of non-
passerines were limited to Phasianidae and Columbidae, we have found evidence for 
variation between the oscine passerines and these birds . This result is fairly 
consistent across the macrochromosomes the correlation between chromosome 
length and number of inversions seem to be contained within the oscine 
comparisons. This discrepancy is particularly surprising considering the crown age 
of the oscines is ~30-40 Mya while the Neognathea, which contain the G. gallus and 
C. livia, is ~80-90 Mya (Jarvis et al., 2014). Our sampling of non-passerine genomes 
	  164	  
was fairly limited as other existing chromosome-scale assemblies were inconsistent 
at finding anchor points between species, possibly caused by interchromosomal 
rearrangements in at least one case (Nishida et al., 2008). Chromosome number in 
non-passerines (2n=50-138, avg. 77 ± 11 standard deviation) is much more variable 
than the oscines (2n=72-80, avg. 79 ± 2 standard deviation), which may suggest a 
higher prevalence of interchromosomal rearrangements in the older, non-passerine 
clades (http://www.genomesize.org, accessed 16 October 2017). Since the oscines 
comprise ~47% of all bird species (http://www.worldbirdnames.org IOC List v.7.3) 
this result may suggest different dynamics in chromosomal evolution and 
diversification in oscines compared to other birds. Consistent with the logic 
proposed in the prevalence of inversions in the Z chromosome, there was also an 
expansion of a repeat family associated with inversion breakpoints at the node of the 
oscine clade (Farré et al., 2016; Kapusta & Suh, 2017). Additional repeat annotated, 
chromosome-scale genome assemblies would assist in testing the robustness of this 
preliminary finding. 
Genome assembly 
 The quality of the Malurus cyaneus genome assembly is comparable to that 
of existing chromosome-scale genome assemblies (Table 2). This provides support 
for the use of hybrid data which combines the utility of high-quality Illumina reads 
and long PacBio reads to produce a contiguous assembly at a moderate coverage of 
44X. The substantial increase in contig N50 and decrease in gaps after the addition 
of the PacBio data suggests that investing in a moderate coverage of PacBio data 
(20X) significantly improves genome contiguity. Recent improvements in the PacBio 
chemistry and technology allow for easier access to single-molecule, long-read 
technology which may span even larger gaps that were unfilled in this study. 
Investment in these methods to produce high-quality genome assemblies provide 
substantial benefits in evolutionary genomics, particularly expanding the capability 
of comparative studies (Kapusta & Suh, 2017). 
 The extensively sampled wild population of superb fairywrens through 
decades of study has brought the genome assembly to the chromosome level, which 
has only been possible in a small number of bird species thusfar (Kawakami et al. 
2014) . Although genetic linkage maps provide an invaluable resource to genome 
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assembly (Fierst, 2015), the ability to generate linkage maps has been limited to 
systems where multi-generational, long-term studies are available or captive 
breeding is possible. Most of these were established prior to the genomic era.  The 
inclusion of the pedigree was the necessary step to building a better hypothesis of the 
true genome assembly. Alternatively, development of optical mapping technology 
(e.g. BioNano) or chromosome conformation protocols (e.g. HiC) have started 
paving the way for accessible physical maps for better genome assemblies, although 
these are not without their limitations (Weissensteiner et al., 2017). The increasing 
diversity in sequencing technology and sources of information as well as software 
which can utilize them has greatly advanced our abilities to build better and more 
complete genomes.  
As a cautionary note, certain regions of the avian genome have still proven 
difficult to access even with modern technology. Centromeric regions have remained 
inaccessible due to their high repeat content and high methylation, yet their 
importance in meiosis and their characteristically low recombination may play an 
important role in divergence and speciation. Furthermore, many of the 
microchromosomes which contain half of the gene content of the bird genome have 
proven to be elusive in whole genome sequencing and assembly. This includes the W 
chromosome and chromosome 16 which contain many genes of the Major 
Histocompatability Complex (MHC). Regions that are inaccessible may hold many 
answers to the complexity of avian genome evolution, adaptation, and speciation.  
Future prospects 
 We are merely scratching the surface with this draft of the superb fairywren 
genome. The next stage will be to utilize more of the DaRT dataset to try to anchor 
more scaffolds, correct misassemblies, and potentially recover new 
microchromosomes or linkage groups. Discrepancies can be due to undetected 
genotyping error, segregation distortion, or rearrangements between the mapping 
subspecies (M. c. cyanochlamys) and sequenced subspecies (M. c. samueli). 
Additionally, it may be beneficial to investigate PacBio data that may have not been 
incorporated in this genome assembly for sequences from difficult to assembly 
chromosomes (microchromosomes and chromosome W). Scaffolds that were not 
anchored onto chromosomes using the linkage map need to be assigned to putative 
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chromosomes based on synteny to zebrafinch. Furthermore, we will be able to infer 
a landscape of recombination across the fairywren genome which has been a much 
sought after resource for understanding the landscape of genome divergence as it 
pertains to speciation (Ravinet et al., 2017). Gene annotation is the logical next step, 
though it requires RNA data from multiple tissue types and extensive computational 
resources. This would shed light on lineage-specific adaptations of the superb 
fairywren possibly revealing causes or consequences many unique properties.  
Repeat annotation is another beneficial endeavour which may reveal further insight 
in the mechanisms for chromosomal rearrangements relative to other bird species. 
Lastly, the genome perfectly complements the long-term ecological and life history 
data that has been extensively collected for this species. This draft assembly merely 
marks the beginning of the discovery of the genomic basis of speciation, 
chromosome evolution, and a multitude of life history traits.  
Conclusion 
Support for the role of chromosomal inversions in birds for adaptation and 
speciation has been increasing. This new hybrid assembly, high-quality reference 
genome of the superb fairywren has revealed the variation in chromosomal 
rearrangements between different macrochromosomes and between non-passerines 
and oscine passerines. Comparative genomics of chromosome-scale assemblies have 
opened the door to characterizing the variation in chromosomal inversions across 
the avian tree. As the role of structural variation has previously been neglected 
during the genomic era, increasing resources may shed light on the mechanisms 
which create this variation and, ultimately, the role it plays in divergence during the 
speciation process.  
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Supplementary Figures 
Figure S1. Extensive pedigree of the 280 individuals selected from the wild population used for the linkage map. Individuals in black are 
unsampled for sequencing. Lines stretching across the pedigree link the presence of the individual in multiple locations emphasizing the high 
extra-group mating. Square symbols represent males and circles represent females in the pedigree. 
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Figure S3. ALLMAPs anchoring and orientation. The map distance per chromosome 
is shown from the best order map. Left: the bar on the left represents the genetic map 
and the chromosome figure on the right represents the physical map. Right: plot of 
the recombination fraction against the physical map. Grey bars along chromosomes 
represent scaffolds that are anchored and oriented while white bars represent 
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Figure S3. Individual heatmaps for each macrochromosome pairwise comparison.  
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Supplementary tables 














Chr1 2810 1116 30 104.1 Mb 
Chr1A 1749 827 14 69 Mb 
Chr1B 36 in Chr1 1 4 Mb 
Chr2 3997 1956 16 155 Mb 
Chr3 3092 1417 23 110.9 Mb 
Chr4 1793 734 17 69 Mb 
Chr4A 595 221 3 19.6 Mb 
Chr5 1722 808 15 68.5 Mb 
Chr6 942 416 10 33.9 Mb 
Chr7 982 428 14 36.6 Mb 
Chr8 893 371 9 30.4 Mb 
Chr9 686 255 8 24 Mb 
Chr10 344 185 4 13.9 Mb 
Chr11 588 231 7 20.8 Mb 
Chr12 543 220 8 16.2 Mb 
Chr13 525 196 5 17.5 Mb 
Chr14 490 178 3 16.1 Mb 
Chr15 356 129 6 14.1 Mb 
Chr17 488 188 3 18 Mb 
Chr18 324 109 9 12.7 Mb 
Chr19 343 joined to Chr2 6 12.5 Mb 
Chr20 448 142 5 14.8 Mb 
Chr21 155 27 5 6.5 Mb 
Chr22 49 5 6 2.1 Mb 
Chr23 136 31 13 6 Mb 
Chr24 147 39 5 7.7 Mb 
Chr25 2 - 2 237 Kb 
Chr26 120 joined to Chr5 6 5.2 Mb 
Chr27 81 11 12 3.8 Mb 
Chr28 98 26 12 5 Mb 
LGE22 2 - 1 213 Kb 
ChrZ 1460 1345 105 74 Mb 
ChrW 5 - 3 49 Kb 
Unknown 335 - 140 13 Mb 





Table S2. Framework and best order maps generated from the CRI-MAP linkage 
software. Framework maps were generated by relaxing the LOD score from 7, 5, to 3 

















Chr1 218 38 19 91 24 
Chr1A 98 31 12 32 12 
Chr2 (Chr19) 146 29 15 50 16 
Chr3 154 35 17 56 19 
Chr4 131 28 13 42 14 
Chr4A 30 6 3 13 3 
Chr5 (Chr26) 124 24 11 50 17 
Chr6 85 25 9 34 9 
Chr7 75 19 8 19 8 
Chr8 54 15 6 17 6 
Chr9 43 16 4 19 4 
Chr10 50 7 5 19 5 
Chr11 30 13 3 13 3 
Chr12 54 18 6 20 7 
Chr13 36 8 4 14 4 
Chr14 21 6 3 8 3 
Chr15 52 15 5 17 5 
Chr17 26 5 3 8 3 
Chr18 45 14 6 17 6 
Chr20 36 9 3 13 4 
Chr21 15 8 2 8 2 
Chr23 12 6 2 6 2 
Chr24 23 8 4 10 4 
ChrZ 233 75 37 110 52 
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Chr1 24 109.3 Mb 20 96.5 Mb 
Chr1A 11 68.5 Mb 8 55 Mb 
Chr2 15 163 Mb 13 133.3 Mb 
Chr3 19 110.4 Mb 9 86.3 Mb 
Chr4 13 67 Mb 10 52.2 Mb 
Chr4A 3 19.6 Mb 2 11.8 Mb 
Chr5 14 68.4 Mb 10 63.3 Mb 
Chr6 8 30.8 Mb 3 15.1 Mb 
Chr7 8 34.6 Mb 5 28.5 Mb 
Chr8 6 26.4 Mb 3 5.1 Mb 
Chr9 4 22 Mb 3 20.8 Mb 
Chr10 5 24.1 Mb 3 19 Mb 
Chr11 3 19 Mb 1 3 Mb 
Chr12 7 25.8 Mb 3 3.3 Mb 
Chr13 4 17.3 Mb 4 17.3 Mb 
Chr14 3 16.1 Mb 3 15.8 Mb 
Chr15 5 13 Mb 4  10.5 Mb 
Chr17 3 18 Mb 3 18 Mb 
Chr18 6 11 Mb 4 8.2 Mb 
Chr20 4 13.7 Mb 4  13.7 Mb 
Chr21 2 5 Mb 1 0.8 Mb 
Chr23 2 3.3 Mb 2 3.3 Mb 
Chr24 4 7.7 Mb 1 4.3 Mb 
Chr27 2 1.9 Mb 1 0.7 Mb 
Chr28 4 3.4 Mb 2 2.6 Mb 
ChrZ 50 81.7 Mb 20 69.9 Mb 




Filtering of DaRT loci 
 
 For each DaRT locus, a single SNP was used for the linkage analysis. The 
DaRT loci were mapped onto the genome scaffolds labeled by the associated 
zebrafinch chromosomes. We removed spurious genotypes by running the CRIMAP 
prepare and scanning for inheritance errors. These genotypes were removed from 
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the analyses and treated as missing data. The DaRT SNPs were split by chromosome 
and we ran TWOPOINT and AUTOGROUP to recover the largest linkage group 
within each chromosome using the following layers: (40,2.0,2,0.9), (20,1.5,3,0.7), (10, 
1,5,0.6), (5,0.4,6,0.5). Scaffolds that map to more than one zebrafinch chromosome 
were checked in this stage. If the DaRT loci that map to these putative chimeras 
form multiple linkage groups within the same chromosome, this provided additional 
support for chimeric sequences. The DaRT loci in the alternative linkage groups 
were moved to the alternative chromosome. We ran TWOPOINT and 
AUTOGROUP again to confirm that these markers were associated to the correct 
chromosome.  
 At this stage we also merged chromosome 1B with 1, 19 with 2, and 26 with 5 
as their associated DaRT loci compile into linkage groups. This is the initial evidence 
for fusion of the taeGut 19 to taeGut 2 and taeGut26 to taeGut 5. Similar to other 
Passerine genomes but unlike the zebrafinch genome, there is no support for a 
separate 1B linkage group. We also dropped chromosome 25 and LG22 because they 
did not contain enough DaRT loci for further processing.  
 From each chromosome, reran TWOPOINT and AUTOGROUP to recover 
the linkage groups with the filtered DaRT loci. To filter for noninformative tightly 
linked loci at this stage, we ran HAPLO with a recombination fraction of 0 and LOD 
score >10. We chose the largest linkage group for further analysis and chose only 
one locus per haplotype group. We retained no more than 10 DaRT loci per scaffold 
for the genome upgrading. This will increase efficiency and provide a chromosome-
scale genome genome to be polished further.  
 
Framework Map 
 The framework map is to build the initial robust order of markers within a 
chromosome. To do this we ran the CRIMAP build function using a decreasing 
LOD sensitivity of 7, 5, and 3. Each LOD sensitivity threshold was ran multiple times 
until no more markers were added to the map for 5 consecutive iterations before 
reducing to the lower threshold. We chose various starting pairs of loci for five 
different iterations and chose the largest map. We then used FLIPS5 to find the 
maximum likelihood order of the framework map. We used CHROMPIC to do 
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additional filtering. Any markers with a recombination fraction of > 0.3 were 
removed, as they are less likely correctly associated. We then checked the genetic 
linkage of the DaRT loci that are found on the same scaffold. If the loci are far apart, 
we tested the improvement of the map by moving the loci closer to each other and 
rerunning CHROMPIC. If the map distance decreased or stayed the same while the 
likelihood of the order increased, we retained the new ordering. Otherwise, we 
returned the markers to their original ordering. We would rerun the FLIPS and 
CHROMPIC stages until no better order was recovered. This map is retained for 
further building.  
 
Best order map 
 Starting with the framework map, we ran BUILD again with decreasing 
sensitivity from 3, 2, and 1. The same process for the framework map was carried 
out for the best order map. We filtered against loci which have a recombination 
fraction of > 0.3 on the ends of the maps. We iteratively ran FLIPS and CHROMPIC 
until no best order was recovered. We also filtered for tight double recombination 
breaks that may be indicative of genotyping errors or poor data quality. The best 
order map was the map that was used to to place and orient scaffolds onto the 
chromosomes.  
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Summary & synthesis 
 
The speciation process is characterized by the accumulation of reproductive 
isolating mechanisms between two populations. This process is often closely 
associated with genomic divergence as a byproduct of the restriction of gene flow. 
The ability to sequence DNA across the genome has revealed the wide variation in 
divergence between different genomic regions. Studies on speciation genomics now 
aim to infer processes that reduce gene flow through the speciation continuum from 
patterns of genome divergence and where in the genome this occurs. To do this, we 
must first understand how various contexts and processes such as geography, 
demographic history, ecology, sexual selection, and genome architecture 
(chromosomal rearrangements and variation in recombination rate across the 
genome) would influence and interact with the forces that govern of divergence: 
drift, selection, and gene flow, eventually resulting in the variable divergence across 
the genome. The primary aims of my thesis were to first develop a new comparative 
study system and to then address both long-standing and newly developing 
questions in speciation using a genomic framework.  
 The first chapter of my thesis sets the stage by broadly characterizing the 
genetic and morphological divergence across putative contact zones in the Cape 
York Peninsula and eastern Queensland in Australia’s northeastern tropics. It built 
directly on earlier taxonomic classification and phenotypic work done by (Ford, 
1986; Schodde & Mason, 1999). To do this, I sequenced and calculated divergence 
from various markers across the autosomes, Z chromosome, and mitochondrion 
between populations on either side of and through the biogeographic breaks. 
Between the 27 contact zones, the divergence in all chromosome classes spanned the 
speciation continuum. This is not atypical of findings in such transition or suture 
zones due to idiosyncratic responses of each species to the physical barriers and 
changing environment (Moritz et al., 2009; Singhal & Moritz, 2013). This initial 
work also confirms that some of the the phenotypic breaks identified by Schodde 
and Mason (1999) and Ford (1986) have corresponding genetic breaks. This 
variation in divergence nicely sets up this region as a system in which to infer how 
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differences in geography, demographic history, and ecology between the different 
species may have driven this variation across the speciation continuum.  
 From the same study, I further explored whether morphological divergence, 
habitat association, or taxonomic classification can predict the variation in genetic 
divergence. Firstly, although the broad variation in genetic divergence corresponded 
with a broad variation in morphological divergence, the two measures were not 
correlated. Morphological divergence is therefore not a prerequisite for genetic 
divergence. This result is consistent with the prevalence of cryptic lineages in the 
literature (Bickford et al., 2007; Moritz et al., 2009; Vodă, Dapporto, Dincă, & Vila, 
2015). Secondly, habitat also did not predict genetic divergence in this region very 
well. Although different habitats may respond differently through shifting climate, if 
they result in similar demographic effects on the populations, this may translate to 
similar patterns in population divergence. For example, although rainforests, 
mangroves, and woodlands in this region may have had different responses to past 
climate shifts, both rainforests and mangroves are similarly restricted which may be 
why birds residing within them may share similar patterns of population divergence.  
Thirdly, taxonomic classification is the best at predicting genetic divergence. This 
result emphasizes that other features of the phenotype, life history, and geography 
which taxonomists use to assign taxonomic rank to populations may be more 
important to predict genetic divergence. It has already been shown that plumage 
divergence already performs better than morphological divergence in predicting 
divergence in a different bird suture zone (Winger & Bates, 2015). We can then 
extend this initial characterization to more detailed studies of how variation in 
geographic mode between populations within species would yield different 
divergence patterns.  
The second chapter of the thesis assesses how the likelihood of gene flow 
changes with increasing divergence between populations currently distributed in 
parapatry and allopatry. Previous studies regarding the geographic mode of 
speciation suggests that divergence in allopatry and parapatry would yield different 
patterns across the genome (Feder, Flaxman, Egan, Comeault, & Nosil, 2013; 
Seehausen et al., 2014). To understand how current geography has influenced the 
likelihood of gene flow through the entire speciation continuum, I sampled eight 
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species from the initial 27 and which contain populations that are allopatrically and 
parapatrically distributed (Table 1). I took advantage of well-known barriers 
adjacent to Cape York Peninsula and Queensland: the Carpentarian gap to Northern 
Territory and Torres Strait to Papua New Guinea. These drive parapatry and 
allopatry, respectively, among populations occurring on other side of them. I found 
that in a dynamic region such as northern Sahul (Australia and New Guinea), 
current geography is a poor predictor of the history of gene flow between two 
populations. The dynamic history of contraction and expansion of habitats coupled 
with changes in sea levels likely resulted in recurrent cycles of allopatry and contact 
between these populations. If we use models to predict the species’ past ranges and 
then use the estimated maximum connectivity across geographic time, we can derive 
better predictors of likelihood of gene flow and divergence. This result highlights the 
importance of understanding how population connectivity has changed through 
time when trying to understand the relative importance of drift, gene flow, and 
selection during speciation.  
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Table 1. Summary of the species used within the first three chapters and additional 
data to be analyzed in the future.  
Species Ch I Ch II Ch III Future Chromium Genome 
MALURIDAE      
Malurus amabilis ✓     
Malurus melanocephalus ✓  ✓  ✓ 
PARDALOTIDAE      
Pardalotus rubricatus ✓     
Pardalotus striatus ✓     
ACANTHIZIDAE      
Sericornis magnirostra x beccarii ✓  ✓ ✓ ✓ 
Smicrornis brevirostris ✓     
Gerygone olivacea ✓  ✓  ✓ 
Gerygone palpebrosa ✓  ✓ ✓ ✓ 
Gerygone levigaster ✓     
Gerygone magnirostris ✓ ✓    
MELIPHAGIDAE      
Philemon buceroides ✓ ✓    
Philemon citrogularis ✓ ✓    
Philemon corniculatus ✓     
Entomyzon cyanotis ✓ ✓    
Xanthotis macleayanus x faviventer ✓  ✓ ✓ ✓ 
Meliphaga notata ✓  ✓ ✓ ✓ 
Microptilotis gracilis ✓  ✓  ✓ 
Gavicalis fasciogularis x versicolor ✓  ✓  ✓ 
Stomiopera unicolor ✓     
Stomiopera flavus ✓     
Ptilotula fuscus x flavescens ✓ ✓   ✓ 
Melithreptus albogularis ✓ ✓ ✓  ✓ 
Lichmera indistincta ✓ ✓   ✓ 
Ramsayornis fasciatus ✓     
Ramsayornis modestus ✓     
Myzomela obscura ✓ ✓ ✓ ✓ ✓ 
Myzomela sanguinolenta x erythrocephala ✓     
Cissomela pectoralis ✓     
 
As populations diverge during speciation, the likelihood of gene flow 
between them should decrease and the distribution of divergence across loci should 
change correspondingly. The broad comparisons within this chapter revealed a rapid 
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transition from high to low likelihood of gene flow as divergence increases. This is 
consistent with theory and recent empirical studies positing that accumulation of 
reproductive isolating mechanisms should increase nonlinearly with increasing 
divergence - referred to as snowballing in the chapter (Moyle & Nakazato, 2010; Orr, 
1995; Yamaguchi & Iwasa, 2017). Roux et al. (2016) initially characterized this 
pattern of rapid decrease in likelihood of gene flow through divergence across 
animal groups. This trajectory is sigmoidal, characterized by an initial slow decrease 
in likelihood of gene flow, followed by a rapid tipping point, after which another 
slow down occurs before there is low to no likelihood of gene flow between 
populations. This tipping point occurs between DA ~ 0.1% and 0.2% in the nuclear 
genome (Figure 1a). In contrast to the broad study by Roux et al. (2016) where the 
tipping point is between DA of 0.5% and 2%, the tipping point in this bird system is 
an order of magnitude lower. This may allude to the more rapid speciation in birds 
compared to other animals but additional comparative data across birds and other 
animal lineages would be necessary to confirm this (Grant & Grant, 1997). Though 
this pattern is consistent between many studies, the mechanism is contentious and 
has been attributed to ecological selection, intrinsic incompatibilities, or neutrality 
(Feder et al., 2014; Orr, 1995; Southcott & Kronforst, 2017). This increasing global 
divergence is also characterized by a distinct accumulation of divergence between 
the different loci in the genome regardless of current geography. The divergences 
across loci are initially clustered close to zero, then a skew develops whereby a few 
loci differentiate first, but then a broad range of divergence values develops. It is 
difficult at this time to discern whether this pattern resulted from variation in 
recombination rates and linked selection across the genome or variation in selection 
and gene flow (Burri, 2017; Ravinet et al., 2017). The changing patterns of gene flow 
across divergence described here refer to samples from “allopatric” populations. The 
next step will be to assess how divergence and realized gene flow between these 






Figure 1. Comparisons of figures 
between chapters two and three (a) 
figure from chapter two depicting 
where the tipping point between 
high and low probability of gene 
flow occurs (b) figure from chapter 
three depicting how the width of 





The third chapter was a more focused study of the suture zones on Cape 
York Peninsula and northeastern Queensland to study how the geographic extent of 
introgression decreases with increasing divergence between the most “allopatric” 
samples of the parental populations. I chose ten contact zones, from the 27 
characterized in the first chapter, for which I also have a broad geographic sampling 
across the parental populations and contact zone (Table 1). I then measured the 
geographic extent of gene flow by inferring the nuclear hybrid index of each sample 
distributed throughout the geographic range. I found that the geographic extent of 
gene flow, measured by cline width of the ancestry proportions, decreases rapidly in 
lower levels of nuclear divergence (DA > 0.1-0.2%) lower than that of another study 
across a suture zone, DA > 0.5-0.8% (Singhal & Bi, 2017, Figure1b). Introgression 
was more geographically restricted from DA ~ 0.3% then asymptotically approached 
a minimum. From these data, it is difficult to distinguish whether the divergence is a 
result from gene flow being restricted to the hybrid zone or vice-versa but there is an 
association with a negative exponential decline. The sharp decline in lower levels of 
nuclear divergence corresponds to the range of divergence where the probability of 
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hybrid zones are geographically restricted, it is likely that very few alleles still make it 
through to the parental populations or they may have reached equilibrium and 
therefore decreased divergence. Although more intensive sampling of the contact 
zone would reveal the extent of reproductive isolation in sympatry, this chapter 
demonstrates that the geographic extent of introgression decreases rapidly with 
increasing divergence.  
 As geography should play an important role with the extent of genetic 
exchange through the landscape, I used these data to explore how the width of the 
contact zone across latitude may influence the width of the cline across longitude. 
Theory predicts that linear or narrow ranges should have higher spatial 
autocorrelation whereas wider ranges should have lower spatial autocorrelation 
(Kimura & Weiss, 1964; Wilkins, 2004; Wilkins & Wakeley, 2002). These models 
propose that for a given level of dispersal, isolation-by-distance should be stronger 
for linear or narrow ranges relative to more two-dimensional, wider ranges. From 
my data, I saw that range width was linearly correlated with cline width supporting 
the idea that given similar dispersal distances, the geography plays a role in extent of 
introgression. To expand this further would require a genomic reference that would 
allow the use of ancestry blocks to infer likelihood and timing of secondary contact. 
Also, it would help understand how much of the divergence I observed from the 
allopatric populations are from a period of allopatry and infer how much it may 
have changed since contact. Although the role of geography proves to be crucial in 
explaining some of how divergence and gene flow changes during speciation, there 
are certain genomic features that may help facilitate this change during speciation. 
Characterizing how both geographic and genomic context influence the speciation 
process would create a better picture of how the process proceeds. 
 The last chapter focused on the role of chromosomal inversions in speciation 
and diversification by characterizing the variation of inversions across the avian 
phylogeny. This was made possible by sequencing and assembling a chromosome-
scale genome of a representative meliphagoid bird, the superb fairywren (Malurus 
cyaneus). This new genome filled a phylogenetic gap, providing a reference genome 
from the passerine clade, Meliphagoidea, endemic to Australasia where the oscines 
originated (Barker, Cibois, Schikler, Feinstein, & Cracraft, 2004). First, I found that 
	  196	  
the number of chromosomal inversions scaled with chromosome size in the 
macrochromosomes. This correlation may result in variation regarding how 
different macrochromosomes facilitate divergence during speciation. Second, there 
were more chromosomal inversions variation in the Z chromosome compared to 
similar-sized autosomes. It is possible that the Z chromosome may be more likely to 
have and fix more inversions due to their repeat content, lower effective population 
size, and protection from disruption during meiosis when in the heterogametic sex 
(Farré et al., 2016; Mank, Axelsson, & Ellegren, 2007; Mank, Nam, & Ellegren, 2010). 
Although, the influence of the inversion as an isolating mechanism may also be 
stronger in the Z chromosome where there are more genes relevant to mating and 
prezygotic isolation (Kim et al., 2017; Knief et al., 2017). Although the diversity of 
available chromosome-scale genomes is still limited, I have also found evidence that 
chromosomal inversions are more prevalent in oscine passerines compared to the 
available non-passerine genomes despite being a much more recent radiation (Jetz, 
Thomas, Joy, Hartmann, & Mooers, 2012). Chromosomal inversion could then be 
one of the mechanisms which aided the rapid diversification of oscine passerines 
which now comprise ~47% of all bird species.  
Chromosomal inversions can aid in establishing prezygotic isolating 
mechanisms between populations which exchange migrants (Dagilis & Kirkpatrick, 
2016) which is particularly important in birds where postzygotic isolation is 
decoupled from speciation rate (Grant & Grant, 1997; Rabosky & Matute, 2013). 
Inversions, then, may serve as a mechanism which facilitates the patterns of a rapid 
decrease in gene flow I found in chapters two and three (Dagilis & Kirkpatrick, 2016; 
Navarro & Barton, 2003), which is consistent with other studies which found that 
sister species in parapatry tend to have more fixed inversions compared to sister 
species in allopatry (Hooper & Price, 2015, 2017).  As more chromosome level 
assemblies of species from other bird groups become available, we can get a more 
complete picture of the role of chromosomal rearrangements during the speciation 
process. In particular, we can test whether the variation we see between the oscine 
passerines and non-passerines in this study and other studies prove to be robust 
(Tegelström, Ebenhard, & Ryttman, 1983). 
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Additional data and future prospects 
 Although these completed studies have already provided insights regarding 
genomic divergence during the speciation process, additional data has been 
generated in the duration of the dissertation. Three large datasets have been 
collected to further expand the work that has already been done. First, the wide 
sampling of SNPs through a large pedigree of the superb fairywren should provide a 
landscape of recombination across the genome. This landscape can be compared 
with existing datasets from other species to assess how conserved are both the 
landscape of recombination and, therefore, genomic architecture is across the avian 
phylogeny. Second, I have collected sequence data for a rough draft genome for each 
of the species used in the third chapter’s contact zones (Table 1). These references 
will complement the RAD-based SNP data allowing to test whether divergence 
clusters in the genome with increasing global divergence and decreasing geographic 
extent of gene flow. If there is clustering of divergence, congruence in its location in 
the genomes across different contact zones may suggest the role of conserved 
genome architecture influencing linked selection and sorting of clines. Third, I have 
chosen five from the ten contacts in the third chapter in which there is variation in 
divergence and geographic extent of gene flow. For these five contacts, I collected 
whole-genome resequencing data in higher coverage for allopatric populations and 
lower coverage through the contact zone. As a result, I can test how variation in 
divergence across the genome between the parental populations translates to the size 
and geographic extent of ancestry blocks through the contact zone. We can then 
understand how the landscape of divergence changes throughout the speciation 
continuum. Additionally, the broad geographic sampling of whole-genome data may 
help disentangle between the patterns resulting from differential introgression from 
the patterns resulting from the variation in recombination rate as they influence 
landscape of divergence. Setting up the study system and addressing questions 
regarding population divergence and geography sets the stage for this larger dataset 
to be used further in understanding the genomic landscape of divergence during 
speciation. Additionally, these systems are now primed for more detailed study 
within each species or contact zone to understand how other aspects of life history 
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and behavior may shape the patterns we observe in the genome across the 
geographic and genomic landscape. 
 By characterizing a new study region with new taxa for broad comparative 
speciation study, I have been able to expand our knowledge on how gene flow and 
divergence changes through the speciation process and how the changing landscape 
would facilitate or hinder this change. With a new, chromosome-scale reference 
genome, additional draft genomes, and whole-genome resequencing we are poised 
to push this endeavour further by exploring the process of speciation in the genomic 
landscape. The set of studies within this thesis on the speciation genomics across 
meliphagoid systems have provided new comparative empirical evidence for 
standing speciation theory and opened vast new opportunities not only within the 
meliphagoid birds studied here but also to be compared much more broadly with 
other taxa to further unravel Darwin’s ‘mystery of mysteries’ that is speciation. 
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